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The forces and particles in nature are described by the Standard Model (SM) of particle
physics and General Relativity (GR) [1, 2]. Although especially the SM withstood
many high-precision tests and is able to explain a wide variety of observations [3],
the SM and GR have some shortcomings. The ﬁrst is that they fail at the Planck
energy scale of 1019 GeV. This was the energy scale in the very early universe [4].
Furthermore, to explain for instance the rotation velocities of galaxies, dark matter is
needed [5]. Additionally, the accelerating expansion of the universe is best explained
by dark energy [6]. Dark matter (22.7%) and energy (72.8%) even make up 96%
of all energy and matter in the universe [7]. Only 4.6% can be accounted for by the
SM and GR and therefore most probably new particles and interactions are required.
Also the dominance of matter over anti-matter in the universe is not explained by the
current SM [8], since the prediction of CP violation in the SM is several orders of
magnitude too small to explain the observed asymmetry [9]. This provides evidence
that new sources of CP violation are required that are not part of the SM1. Presently,
the only experimental evidence for physics beyond the SM is through the observation
of neutrino oscillations [11]. These oscillations can be explained by assuming non-zero
neutrino masses, which cannot be accounted for in the SM.
Therefore, there is no doubt that the current description of nature by the SM
and GR alone is incomplete and that there are more forces or elementary particles
in nature than we currently know of. Numerous quantum gravity models claim
that they offer a successor to the combination of SM and GR, among which are
supersymmetric extensions of the SM [12], quantum loop gravity [13] and higher
dimensional (noncommutative geometry based) theories like superstring and M-theory
[14, 15].
Two strategies are being followed to constrain the number of possible successors
of the SM. At the Large Hadron Collider (LHC) facility at CERN new particles can
be created directly in collider experiments at very high energy, typically at the TeV
energy scale [16]. The second approach utilizes high-precision experiments at low(er)
1Within the SM also a cold electroweak baryogenesis might be a viable scenario [10].
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energies. Within the SM fundamental symmetries are related to the mediators of forces.
Measuring a violation, or an excess of a violation of a symmetry therefore reveals
new forces. Bounds from these experiments can also be translated to an equivalent
high-energy scale and constrain new physics. This also allows for complementary
research, i.e. searches at high and low energy are sensitive to different (combinations
of) parameters of the proposed models.
An example of searches at low energies probing such new physics is the precise
measurement of properties of β -decay [17]. Crucial in these experiments are, besides
sensitivity to the symmetry of interest, a high precision (statistical signiﬁcance) and a
high accuracy (small systematic errors).
This thesis describes two steps towards a high-precision β-decay correlations
experiment using the radioactive 21Na isotope produced by the TRIμP facility at KVI2.
The ﬁrst step is to select and collect the radioactive particles, that are produced by an
accelerator, with laser light in an atom trap. This has to be done efﬁciently to achieve
the required precision in the ﬁnal experiment. To minimize the background due to the
decay of untrapped particles, the second step is to transport the trapped atoms over
about 1 m towards a shielded setup. There precise and accurate decay measurements
can take place [18].
In section 1.1 we brieﬂy review the different types of interactions which can
be studied in β-decay. The different particle traps which are used for precision β-
decay experiments are discussed in section 1.2. Some completed and current β -decay
experiments testing the SM are discussed in section 1.3. Our motivation to perform
with 21Na a high-precision β -decay experiment can be found in section 1.4. We end
with the outline of this thesis in section 1.5.
1.1 Observables in β-decay
One possibility to study physics beyond the SM in β -decay is by measuring correlations
between the decay products from the β-decay. The distribution in the electron and
neutrino directions and electron energy for an allowed transition from an oriented
nucleus is given by
ω(〈J〉|Ee,Ωe,Ων) dEe dΩe dΩν =
1
(2π)5






































where Ee(ν) is the total relativistic energy of the electron (neutrino), pe(ν) the mo-
mentum of the electron (neutrino), Q the available kinetic energy in the decay, J the
2TRIμP stands for Trapped Radioactive Isotopes: μlaboratories for Fundamental Physics, KVI for
Kernfysisch Versneller Instituut.
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spin of the nucleus and j a unit vector parallel to it [19]. The inﬂuence of the non-zero
neutrino masses can be considered negliglible for our purposes. The coefﬁcients a,
b, c, A, B and D are the correlation parameters. These as well as ξ are deﬁned in
terms of the coupling coefﬁcients Ci and C
′
i of the various interactions in the β -decay
Hamiltonian [20]. We do not include in this equation other correlations which involve
for example the observation of the polarization of the emitted β particle. We refer to
[17] for a complete review of tests of the SM in β decay.
With β detectors the momentum vector of the β particle can be determined,
but a measurement of the neutrino momentum is practically impossible. Instead the
recoil momentum of the daughter nucleus is measured. This technique requires a
substrate free sample because of the low recoil energy of about 100 eV. One possibility,
described in this thesis, is to laser cool the radioactive atoms to low temperatures
and trap them in a small volume under vacuum conditions. In this way pν can be
determined indirectly.
We now brieﬂy discuss the physics behind equation 1.1. The ﬁrst line of equation
1.1 is the phase space factor, except for the constant ξ, the strength of the decay. In
the second line three coefﬁcients appear, a, b and c. To measure the β − ν correlation
parameter a and the Fierz interference term b, no nuclear-spin polarization is required
(the c term contribution vanishes for an unpolarized sample and for J = 1/2). The
third line contains the nuclear spin related correlation coefﬁcients. A is the parity
violating coefﬁcient which was ﬁrst measured by Wu et al. using polarized 60Co [21].
Depending on the sign of A the β particles are primarily emitted (anti-)parallel to the
spin axis. The neutrino asymmetry parameter is given by B.
Inspection of the term J ·pe×pν , associated with the D coefﬁcient, shows that this
term contributes to violation of time-reversal symmetry. By the CPT theorem [22],
CP violation is equivalent to T violation (a violation of the CPT symmetry necessarily
violates Lorentz invariance [23]). With CPT symmetry, a bound on D gives thus also a
constraint on CP violation. As under a parity transformation D is even, measuring D
also constraints C violation alone.
All correlation coefﬁcients can be expressed in terms of coupling coefﬁcients of
vector (V), axial-vector (A), scalar (S) and tensor (T) couplings. These correlations
coefﬁcients depend on electro-magnetic ﬁnal state interactions (FSI) that need to be
taken into account. For example, FSI lead to a non-zero value of D and its precise
value is needed to obtain the true value of the SM.
In the SM β -decay is described with left-handed vector and axial-vector interactions
(V−A theory). The angular momentum state of a nucleus is usually denoted with Jπ,
where J is the spin of the nucleus and π indicates its parity: + (even) or − (odd).
We consider here only allowed transitions, where no orbital angular momentum is
carried away by the pair of outgoing leptons and total parity is not changed. If the
outgoing pair of leptons has a total spin S = 0, it is called a Fermi (F) transition
(vector coupling). For S = 1 it is called a Gamow-Teller (GT) transition (axial-vector
coupling). For a decay where 0+ → 0+, a GT transition cannot occur because of
angular momentum considerations.
Various deviations of the SM are predicted by leptoquark models, left-right sym-
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metric models, supersymmetric models and models with charged Higgs exchange
[24]. These differ from the standard V−A coupling: V+A (right handed), scalar, tensor
and imaginary parts of all types of couplings3. Three typical experiments can be
distinguished according to the type of the transition in the decay process:
• Fermi transitions: in pure F decay a < 1 indicates scalar or right-handed coup-
lings. The strength of superallowed Fermi transitions ( t values) is sensitive to
scalar interactions via the Fierz interference term b. A, B and D are necessarily
0.
• Gamow-Teller transitions: Here the SM values for A, B are = 0. In a pure GT
transition, a > −1/3 implies tensor or right-handed couplings. Here, b, A and B
also primarily constrain tensor couplings.
• Mixed F-GT transitions: a, A and D are = 0, the precise values depend on the
nuclear structure. The SM value for D ≈ 10−12 [25], a larger value indicates ima-
ginary couplings of the V−A theory and implies a larger time-reversal violation
than the SM predicts.
A possible source of scalar-type interactions are charged Higgs-boson exchanges,
for tensor interactions these can be leptoquarks [24]. Left-right symmetric models,
exotic fermions and leptoquark models can provide sources for time-reversal violation
[24]. In experiments usually only the shape of the correlation distribution is assessed







Although not mentioned by all authors reporting on measurements of the correlations
coefﬁcients, this is the value that is measured in most experiments. Within the β-
decay 21Na experiment in TRIμP, we aim to measure ﬁrst a˜ and then D˜. This will be
discussed in more detail in section 1.4.
1.2 Particle traps suited for a β-decay correlation experiment
To measure β-decay correlations requires radioactive particles for which the decay
correlations can be measured. An accelerator based facility is able to produce the
particles on demand. The research described in this thesis has been performed with
the TRIμP facility, which is an example of such a facility. It offers a wide range of
low-energy radio-active isotopes and due to its design a variety of experiments can
make use of it.
As we focus in this thesis on the efﬁcient collecting of particles in an atom trap,
we discuss here the various traps used in β -decay experiments. Open, shallow particle
traps are well suited for precision β -decay experiments as most of the solid angle can
be used for particle detectors. Due to the low temperature (for laser cooled samples)
3Pseudo-scalar couplings are not relevant at low energies [20].



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1.1: The elements of the periodic table. The year and reference when one of the isotopes
was trapped in a Magneto-Optical Trap (MOT) for the ﬁrst time is indicated.
6 Chapter 1. Introduction
the uncertainty on the initial momenta can be neglected. For neutral particles
three types of traps can be distinguished: a magneto-optical trap which uses near
resonant laser light and a quadrupole magnetic ﬁeld, a purely magnetic trap and traps
based on the interaction of off-resonant laser light with the atoms [48, 49].
The ﬁrst atom trap, which uses on-resonance laser light, is a dissipative radiation-
pressure trap. It utilizes near-resonant laser light with a wavelength typically in the
range of 400 nm to 900 nm with a quadrupole magnetic ﬁeld (Magneto-Optical
Trap, MOT), with a typical trap depth of a Kelvin. The MOT was demonstrated
experimentally for the ﬁrst time in 1987 by Raab et al. [27] using sodium atoms. A
MOT produces an unpolarized atom cloud4 with a sample temperature of typically 100
μK. Spin polarization of the atoms trapped in a MOT can be achieved by temporarily
turning off the trapping beams and magnetic ﬁeld5 and optically pumping the cloud
[52]. Also by misaligning the MOT trapping beams spin polarization can be achieved
in a MOT system6 [53].
As can be seen in ﬁgure 1.1, most of the alkali(-earth) elements have been trapped
in a MOT, notably Ba was trapped ﬁrst at KVI [34, 54]. Due to the large energy
separation between the ground state and the ﬁrst excited states, noble gas atoms are
trapped using metastable states. Whether an atom can be trapped in a MOT depends
on two points: the availability of a reasonably closed cooling cycle and sufﬁcient laser
power at the required laser frequency for such a scheme.
The second atom trap type, ﬁrst demonstrated in 1985 by Migdall et al. using
sodium atoms, is the magnetic trap [55]. The magnetic trap provides a conservative
potential, the force on the magnetic dipole moment of the atom depends on the
magnetic substate. This type of trap is ideally suited to generate a spin-polarized
sample. The trap depth is typically about 10 mK, the cloud temperature is a fraction
of the trap depth. To enhance the number of trapped particles in a magnetic trap, it is
usually loaded from a MOT.
The third trap type is a dipole laser trap (Far Off-Resonant Trap, FORT), ﬁrst
demonstrated for sodium atoms by Chu et al. in 1986. The FORT offers a typical trap
depth of 1 mK, the cloud temperature is a fraction of the trap depth. The conservative
potential is provided by the interaction of the induced electric dipole moment with
the electric ﬁeld of the laser light, which is far detuned from the atomic transition
(as used in a MOT). As the detuning is typically several hundreds of nm, the trap is
versatile. With this trap type highly polarized samples have been produced [56–58],
also a precise determination of the spin polarization of the trapped atoms has been
demonstrated [59].
We now consider the traps for charged particles. Ions are conveniently trapped by
a combination of static and alternating (radio frequency, RF) electric ﬁelds of typically
a MHz (Paul trap), or a combination of a static magnetic ﬁeld and a static electric
ﬁeld (Penning Trap). The achievable ion cloud temperature is with buffer gas cooling
4An upper limit on the sample polarization of 0.2% was measured for 23Na [50].
5A MOT using an AC magnetic ﬁeld, reducing the switching time, has also been demonstrated [51].
6Flipping the spin polarization is not easy in this scheme.
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about 1000 K (or 0.1 eV) [60]. For β -decay experiments this might be too high, but
additional (indirect) cooling is possible with lasers. For laser cooling, a single laser
beam is sufﬁcient and the temperatures reached are about the same as can be achieved
in a MOT.
Laser cooling of ions also depends on having a suitable energy level scheme, only
a handful of ions can directly be laser cooled: all hydrogen like elements (group 2
IIA in ﬁgure 1.1) and additionally Yb+ and Hg+ [61]. As in a MOT, a reasonably
closed cooling scheme has to be present, as well as sufﬁcient laser power. The latter
requirement is often easier to fulﬁll for an ion trap than for a MOT system, as the ion
is initially trapped by the ion trap and the cooling light only needs to be present in
a relatively small volume compared to a MOT system. Sympathetic cooling provides
an alternative. One ion species is laser-cooled, the other ions are only trapped by the
electric ﬁeld but are cooled through the Coulomb interaction with the laser cooled
ions. This enables cooling of any other ion [61, 62].
For β -decay experiments the atom and ion traps are surrounded by a combination
of an ion detector (typically a Multi Channel Plate (MCP)), which detects the recoiling
daughter ion, and β detectors. In the case of an atom trap, the recoiling ions, because
of their low energies, can be collected efﬁciently by applying a static electric ﬁeld. By
using the fast β particle as a trigger, the energy of the recoil ion can be determined
from its time of ﬂight. In the decay process, also electrons are shaken off. The same
electric ﬁeld guides the shake-off electrons to the opposite direction, where they can
be detected and serve as a trigger. When the electron time of ﬂight is short compared
to the time of ﬂight of the recoiling ion and when the β momentum reconstruction
is not needed this is much more efﬁcient than detecting the β particle. The shake-
off detection procedure has been applied to measure 21Na recoil spectra [63, 64].
However, this method cannot be used to measure A or D.
1.3 Completed and current β-decay experiments
To get an impression of the activities, we present two tables which summarize com-
pleted and ongoing experiments testing the SM via β -decay. We divide the experiments
in two categories: experiments which use particle traps and those that do not. For
both we do not go into the details of the possible production methods or the detector
schemes and associated sources of systematic errors to reconstruct the β -decay decay.
We focus on acquiring sufﬁcient decay data.
In table 1.1 we give an overview of β -decay correlation measurements performed
in particle traps. We list values relevant for this thesis: typical production rates for the
radioactive particles as well as the trapping efﬁciency (the fraction from the produced
particles which ends up trapped) and detection efﬁciency. The ratio of the typical
(coincidence) rate to the production rate gives an indication of the combined trapping
and detection efﬁciencies, in case these are not known. For most of the experiments
we combined information from several references to arrive at these values, therefore
they should be considered as indicative. Where experiments progressed over time, we
8 Chapter 1. Introduction
mention the highest values reported. The Cs and both Fr experiments are not β -decay
experiments, but we include them in this overview as they use also MOT systems for
the efﬁcient collection of radioactive isotopes.
For a precision at the level of 1%, statistically at least 104 events are required.
This is the minimal number of events; due to a non-zero background and systematic
studies generally a larger number of events is required. We observe that the detected
(coincidence) event rate (called ‘science rate’ in the table) is a fraction of the order of
10−7 of the source rate. The source rates (table 1.1) are in the range 107 − 2 · 109 /s.
Now we look in more detail at the entries from table 1.1. We ﬁrst discuss the
21Na experiment from Laurence Berkeley National Laboratories (LBNL) separately.
The other experiments using atom traps use the same technique, we therefore discuss
them together. The 6He+ experiment from Laboratoire de Physique Corpusculaire
(LPC) we also discuss in more detail, as they are making the transition from an ion
trap experiment to an atom trap experiment.
The 21Na experiment performed at LBNL is particularly interesting, as we use the
same isotope. Therefore we discuss their strategy to achieve a high collection efﬁciency
in more detail. The 21Na experiment at Berkeley uses a 1.2 m long Zeeman slower to
capture the 21Na atoms which are evaporated from an oven after online production
(proton beam on a MgO target) [65]. Before the atoms enter the slowing stage, they
are cooled in optical molasses7 to reduce the transverse velocity of the atomic beam.
For an oven temperature of 1000 ◦C and the used slowing laser intensity, maximally
13.6% of atoms can be slowed down by the Zeeman slower. Of the atoms that enter
the MOT setup, which uses 3.5 cm large trapping beams, about 25% are trapped.
From the Zeeman slowed beam, instead of 25% initially only 1% was captured by
the MOT. To reduce the background in the correlations measurements from these
untrapped atoms, a double MOT system was set up. A transfer efﬁciency of 40± 20%
was demonstrated.
Except the 21Na experiment done at Berkeley, which uses a Zeeman slower, all the
other experiments in table 1.1 using an atom trap are based on the same principle.
The ions are neutralized by implanting the ion beam in a neutralizer foil. This foil is
(periodically) heated to evaporate the atoms. The atoms thermalize during the ﬁrst
collision with the cell wall. Because the wall is coated with a non-stick, transparent
thin layer of a parafﬁn like material, the atoms bounce up to a thousand times. The
geometry of the cell is such that the atoms pass the laser trap volume often before
they are lost through one of the tubes, which connects the cell to the ion beam line.
To maximize the capture efﬁciency per trap passage and minimize the loss through
the exits, a large (cubic) cell is used together with large laser trapping beams.
For the 6He+ experiment the uncertainty in the ion cloud size dominates with 90%
the systematic error, which itself is half of the total error. An atom trap solves the
problem of the sample size, as in a MOT the spatial distribution can be monitored
more easily than in an ion trap8.
7A molasses is a MOT without the magnetic quadrupole ﬁeld.
8In an ion trap, the temperature and size of the ion cloud are linked by the trapping effective potential.












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































10 Chapter 1. Introduction
The ion cloud has a diameter of a few mm [66] and the thermal energy is typically 0.1
eV [106], achieved through buffer gas cooling. For a MOT the cloud size is sub mm
and the temperature typically achieved is in the (sub) mK regime [107]. Therefore an
efﬁcient atom trap with a transverse cooling stage and a Zeeman slower aiming for a
collection efﬁciency of 2 · 10−6 is under construction [108]. At GANIL 6He (t1/2=807
ms) and 8He (t1/2=119 ms) were trapped in a MOT with a total capture efﬁciency of
10−7[109, 110].
In table 1.2 some experiments that do not use a trap are listed. Three types of
experiments can be distinguished: beam experiments (neutron), cell experiments
where the spin-polarized atoms bounce off the walls and hardly depolarize (19Ne) and
sample experiments. In sample experiments, the particles are implanted in a foil which
is kept at cryogenic temperatures and strong magnetic ﬁelds are used to polarize the
nuclei. In the 32,33Ar experiments the recoil distribution is observed indirectly from
the Doppler-shifted particle decay of the daughter nucleus. Table 1.2 is not complete,
but serves to show some characteristic examples. For example, a range of experiments
aims to measure correlation parameters in neutron decay with a precision of 0.1%
[111].
Comparing table 1.2 to table 1.1 shows that except for the Ar experiments, the
source rates for the non-trap experiments are similar or higher than those for the
trap experiments. The neutron experiment by Mumm et al. is particularly interesting
because of its high precision they achieved. The D coefﬁcient for the neutron has
been measured for the ﬁrst time in 1974 by Steinberg et al. [112], they found D =
−(1.1± 1.7)× 10−3. At the end of 2011 Mumm et al. published the result of the
data they took at the end of 2003 [88]. The analysis of the data of such a beam
experiment is very challenging. The systematic error is about the size of the statistical
error, D = (−0.96±1.89(stat)±1.01(sys))×10−4. For the neutron experiment only a
fraction of about 2·10−7 of all the neutrons decays in the ﬁducial detector volume. This
fraction is comparable to the overall trapped particle efﬁciency in MOT experiments.
Summarizing, trap experiments are conceptually easier because they provide a
point-like and substrate free source of decay. Non-trap experiments are ultimately
limited in the ﬁnal precision by systematic effects. In trap experiments these can be
better controlled as more diagnostic tools are available. In ion traps, the temperature
of the cloud can be limiting at some point, in which case (sympathetic) laser cooling is
required. For the trap experiments there is the challenge to acquire sufﬁcient statistics.
Conceptually β-decay experiments using traps have ultimately the most potential
to perform measurements in β-decay with high precision when recoil detection is
required.
Other observables also constrain non-SM physics: for example bounds on the
permanent Electric Dipole Moments (EDM) [54] and the neutrino mass [113, 114].
These bounds in turn constrain possible values of correlation coefﬁcients in β -decay
decay. Upper limits on the neutrino mass appear to constrain the scalar and tensor
Since they are correlated, Fléchard et al. [66] usually speak about the temperature. If one could decouple
size and temperature, the dominant source of systematic error would be the size [67].




























































































































































































































































































































































































































































































































































































































































































































































































































12 Chapter 1. Introduction
components of the β -decay [113, 114]. The KATRIN experiment [115], which aims
to achieve a sensitivity of 0.2 eV for the electron neutrino mass, will further sharpen
this constraint. In the framework of a R-parity conserving minimal supersymmetric
extension of the SM (MSSM) a bound of |D| ≤ 10−7 is set by EDM measurements
[116]. For leptoquark models it was believed that EDM limits would not constrain D:
D could be as large as the present experimental limits [117]. However, recent work by
Ng et al. [118] shows that for some of these models EDM measurements also provide
stronger constraints on D (about 10− 103 stronger) than β -decay does currently. The
precision that currently running β-decay experiments can be expected to achieve is
still away from these bounds.
However, these alternative routes to bound non-SM physics depend on unknown
model parameters and might fail under certain circumstances, see e.g. [117]. Further-
more EDM measurements provide little model-discriminating power and for example
limits on D might still play an important role in untangling the nature of CP violation
[118]. In addition, transitions in mirror nuclei (with a N = Z core and a single valence
nucleon) provide an alternative way (to superallowed Fermi transitions) to determine
the Cabibbo-Kobayashi-Maskawa (CKM) |Vud |matrix element [119]. For these nuclei a
correlation experiment is required in addition to the lifetime measurement. Therefore
β -decay experiments remain powerful.
1.4 The 21Na experiment at the KVI
Measuring the time-reversal violating term D requires a nucleus which decays by a
mixed Gamow-Teller Fermi transition and has a moderate lifetime. 21Na has these
properties, see ﬁgure 1.2: it decays to its mirror nucleus, 21Ne by positron emission
and has a lifetime of 22.5 s. The structure of such nuclei is rather simple, allowing
accurate determinations of the relative matrix elements. This is important for the
interpretation of the correlation coefﬁcients. 21Na was already trapped in a MOT at
Berkeley by Lu et al. in 1993 [120, 121], it was actually the ﬁrst radioactive atom for
which this was demonstrated9. 21Na has nearly identical properties for laser cooling
and trapping as stable 23Na, which is routinely trapped in MOT systems. In principle
the knowledge obtained with 23Na in off-line measurements can thus be translated
directly to 21Na.
Some experience has thus already been built up with 21Na: at Berkeley precision
measurements of the correlation parameter a in 21Na have been made [50, 63, 64,
122, 123]. The mixed transition in 21Na allows to investigate all possibilities for
non-SM searches in β-decay. To precisely determine the correlations of the decay
products a sufﬁciently large number of point source like, substrate free and nuclear
spin polarized 21Na particles has to be obtained. The experiments presented in this
thesis work towards this goal.
9The ﬁrst radioactive atom trapped in a MOT is 87Rb, but its long half-life of 5 · 1010 years results in a
natural abundance of 28%.





















Figure 1.2: The decay scheme of 21Na [124]. The Q value of the decay is 3548 keV [119]. Because
of its small branching ratio of 4·10−4%, the decay to the 1/2+ state at 2794 keV is not shown.
At the KVI the TRIμP facility has been set up to provide experiments, in a versatile
way, with high intensity and high purity ion beams of short-lived isotopes. Using
the AGOR cyclotron and a gas target a high-energy 21Na ion beam is produced. It
is separated from the primary beam by a dual magnetic separator [125–127]. The
challenge is to efﬁciently convert this high-energy (MeV) ion beam into a low-energy
(μeV) trapped atomic sample: a decrease in kinetic energy of 12 orders of magnitude.
The ﬁrst stage after the production and separation is the ion catcher [128, 129]. In
TRIμP the ion catcher is a thermal ionizer. It stops the ion beam in a stack of thin foils.
Heating the stack allows one to extract the 21Na particles as a low-energy (keV) ion
beam. This ion beam is guided towards a dual Magneto-Optical Trap (MOT) system.
In the ﬁrst MOT cell (called the collector MOT) the ions are neutralized using a heated
metal foil. After diffusing out and evaporating from the foil the atoms are then trapped
with the combination of a magnetic ﬁeld and laser cooling forces.
To provide a good environment for a high-precision study of the β -decay correla-
tion parameters the trapped atoms are optically transported over a distance of about 1
meter into a second MOT chamber (referred to as the science MOT). 21Na decays into
21Ne, a positron and an anti-neutrino. In the second vacuum chamber the kinematics
of this decay can be reconstructed by measuring the momenta of the emerging high-
energy (MeV) positron and low-energy (maximally 229 eV) recoiling daughter ion.
Therefore the trap center is viewed by a β detector and an ion spectrometer for the
recoiling daughter ion. The anti-neutrino momentum can be reconstructed from the
β and daughter ion momenta. The initial momentum of the point source like cloud of
laser trapped atoms is extremely small compared to the outgoing momenta. From the
reconstructed momenta the β -decay correlation parameters can be extracted. Details
on this can be found in [69] and in [18].
The strategy for 21Na is to ﬁrst measure a and then D. Both A and a can be used
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for a determination of |Vud |. The value for the D parameter within the SM is negliglible
small, ∼ 10−12. As already mentioned before, a systematic effect in D are QED ﬁnal
state interactions (FSI) between the daughter ion and the β particle, which mimics the
D correlation [130]. In neutron decay DFSI = 10
−5 [131]. Veenhuizen [132] estimated
for the neutron DFSI to be of order 10
−5 as well, for 19Ne and 21Na the FSI was found
to be about 10−4. By measuring the β momentum dependence of the FSI, it can be
distinguished from the contribution from the true D [132].
When the required precision has to be achieved in a measurement of a day and
under the assumption of a certain (coincidence) detection efﬁciency an efﬁciency
budget for the experiment emerges [69].
To measure a correlation parameter with a relative precision of 10−4, purely
statistically about 108 coincidence events have to be detected in a single day. With the
planned production rate and coincidence detection efﬁciency, a collection efﬁciency
of 1% in the collection MOT and an atom transfer efﬁciency of 50% is required.
In these considerations it was taken into account that not all 21Na decays result in
ions. A measurement of the charge-state distribution in 21Na shows that about 20%
of the decays shake off ≥ 2 electrons, leading to positive ions (no negative ions
were detected) [122]. Only the ions are extracted by the electric ﬁeld, also the MCP
detector is much more efﬁcient for ions than for neutrals. Both effects together make
that maximally 20% of the recoils can potentially be detected efﬁciently.
In this thesis we report on our research that focuses on two crucial steps that are
necessary to perform a measurement of the a and D correlation coefﬁcients in 21Na at
the level of 10−4. The ﬁrst step is the neutralization of the low-energy ion beam and
the subsequent capture of these neutral atoms in the collector MOT. The second step
is the transfer to the science MOT.
1.5 Outline of this thesis
Chapter 2 introduces ﬁrst the concepts of laser cooling and trapping of atoms in an
atom trap (MOT). To put the results for Na in context we consider also for all other
alkaline metal atoms the trapping efﬁciency of MOT systems loaded from a vapor.
Furthermore we discuss the properties of the neutralization of the low energy ion
beam and the problem of atoms sticking to the cell wall. We also consider the different
approaches that can be taken to transfer the trapped atoms to a second atom trap. In
chapter 3 the TRIμP production and separation facility and the double MOT β -decay
setup is described. The demonstration of optical trapping of both sodium isotopes
using the collector MOT setup is described in chapter 4. After extracting and discussing
the various efﬁciencies the possible improvements are identiﬁed. Chapter 5 presents
the double MOT transfer measurements done with an on-resonance push beam and
the ﬁrst enhancement of the transfer efﬁciency obtained by using an optical funnel.
Finally, in chapter 6 the status of the 21Na β -decay experiment is summarized and an
outlook is given.
CHAPTER2
Laser trapping of atoms from a
neutralized ion beam
This chapter describes the neutralization of a low-energy ion beam and, after evap-
oration, the subsequent capturing of the atoms with a Magneto-Optical Trap (MOT).
A MOT can slow down and conﬁne atoms through a combination of three pairs of
counterpropagating laser beams and a magnetic ﬁeld. We transfer the atoms from the
“collector cell” (CC) MOT to a second “science cell” (SC) MOT. The vacuum chamber,
containing the SC MOT system, provides a low-background environment. Here a
high precision measurement of the β-decay correlation parameters of 21Na can be
performed (see chapter 1).
In MOTs usually stable atoms are trapped. As the β-decay experiment will be
done with radioactive 21Na atoms, the key ingredients in are the efﬁciencies of the
neutralization, collection and transfer process. The number of radioactive atoms
available for trapping is very small due to the nature of the possible production
mechanisms.
We could produce online, by colliding a high energy beam with a target, about
107 21Na/s. For a day of measurement and a typical detection efﬁciency, reaching the
required precision of 10−4, the CC MOT has to collect about 105 21Na/s. This implies
that a collection efﬁciency of 1% has to be achieved for the CC MOT system.
A standard MOT system has a capture efﬁciency from a vapor of about 10−5,
which is a factor of a thousand lower than we need. For stable isotopes usually the
source rate which can be achieved is typically 1012 /s, compared to 108 /s typically for
radioactive atoms. Therefore a low capture efﬁciency is not an issue for experiments
using stable atoms. In this chapter we focus, therefore, on maximizing the single-pass
capture efﬁciency of a MOT and how to let the atoms pass as often as possible the
laser trap volume (multi-pass capture efﬁciency).
We introduce the concept of the MOT in section 2.1. In section 2.2 we discuss
a MOT which is loaded from a background vapor. For such a MOT the number of
trapped atoms depends on the loading rate and the loss rate of the atoms into the trap.
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The loading rate is related to the maximal velocity of the atoms for which a MOT can
still slow the atoms and capture them: the capture velocity. A study of the literature
shows that the capture velocity is rarely measured. Therefore we are interested in
determining the capture velocity from a few simple observables of the MOT. To do
so, the loss rate has to be calculated. To validate our calculation, we compare the
prediction from an simple atom-atom loss rate model with experimental values.
In deriving the loading rate in section 2.2 we simplify the loading rate process by
assuming that all atoms below the capture velocity entering the MOT volume will be
trapped. This overestimates the capture efﬁciency, as the path through the trapping
volume may be shorter than the diameter we assume. Therefore we consider in section
2.3 the loading rate in more detail by introducing the description of a 1D and 3D
simulation of the capture process. In section 2.4 we compare the results from these
simulations with experimental values.
In section 2.5 we calculate the capture velocity for a large variety of experiments
where alkaline isotopes are trapped in a vapor MOT system. This overview allows us
to compare the trapping of Na with the other alkaline elements.
The process of stopping a low-energy beam and the subsequent release of neutral
atoms is described in section 2.6. In section 2.7 we review the literature for meas-
urements related to adsorption energies and discuss studies of wall coatings which
reduce the adsorption energy. Through simulations, introduced in section 2.8, we
determine the number of times the atoms bounce in a cell and pass the laser trap
volume. Together with the capture efﬁciency of the MOT and the release efﬁciency of
the neutralizer this results in an overall trapping efﬁciency of atoms originating from
neutralized ions.
After the 21Na are trapped in the CC MOT, they need to be transferred to the
SC MOT system which provides a background free environment. In section 2.9 we
introduce ﬁve different strategies to transfer cold atoms between two MOT setups. We
give an overview of the typical achieved transfer efﬁciencies of each method. After
investigating the (dis)advantages of each type we conclude which approach ﬁts our
purposes best to achieve a transfer efﬁciency of 50%.
In section 2.10 we summarize how to achieve an overall ion to trapped atom
conversion of 1% and how to transfer atoms between two MOT systems with 50%
efﬁciency.
2.1 Laser cooling and trapping of atoms
The simplest system for laser cooling and trapping is a two level system: a ground
state and an excited state. An atomic transition in such a two-level system can be
made by photons with a wavelength λ corresponding to the energy difference of the
levels. Alkaline atoms, which can be found in the left column of the periodic system
(ﬁgure 1.1), have a single valence electron and provide such a simple level scheme.
The scattering rate of photons is the decay rate, Γ, from the excited state times






















Figure 2.1: The dependence of the force in a MOT on the velocity and position. We assume a F = 0
ground state and a F = 1 excited state. The Zeeman magnetic substate energy levels are labeled by
mF and shift up and down as function of the magnetic ﬁeld strength. The σ
+ laser beam from the
left can excite the mF = 0→ mF ′ = +1 transition, the σ− laser beam from the right can make the
mF = 0→ mF ′ = −1 transition.





1+ s0 + 4(δ/Γ)2
, (2.1)
for a total detuning δ from the atomic transition and the saturation parameter s0 in
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and is for Na for circular polarized light 6.3 mW/cm2 for the |F = 2,mF = ±2〉 →
|F = 3,mF = ±3〉 transition.
The transition frequency of an atom moving with a velocity v is shifted by the
Doppler shift δDoppler = kv =
2πv
λ
. Therefore the scattering rate of an atom depends on
the velocity vector, a velocity towards a laser beam shifts the atomic transition up, in
the other direction the transition shifts down. For a moving atom in a magnetic ﬁeld,
the total detuning with respect to the atomic transition is the sum of four frequency
shifts,
δ = δDoppler +δlaser +δZeeman +δStark , (2.4)
where δlaser the detuning of the laser from the atomic transition, δZeeman is the shift
due to the magnetic ﬁeld, and δStark the shift due to an electric ﬁeld. For a MOT system
δStark is negliglible
1.
In ﬁgure 2.1 the principle of the MOT is shown. A moving atom from the right
start scattering photons from the left laser beam, already when it is on the right
side of the trap center. The Doppler shift is compensated both by the laser detuning
and the Zeeman shift. The energy level, for which the right laser beam can make
the transitions, shifts in the opposite direction. Atoms which enter the laser beams
primarily scatter photons from the laser beam opposite to their direction of moving
and are slowed down.
Momentum transfer between a laser beam and an atom with mass m is the result
of asymmetry in the direction of the absorption of the photons and the direction of
the decay of the photons. The absorption takes place from a single direction, while





The force from a single laser beam is
F = ħhkγp = mvrγp , (2.6)





which is 2.95 cm/s for Na.
The net force from a pair of counter-propagating laser beams is a velocity depend-
ent force. For a red (negative) detuned laser frequency the force decelerates atoms, for
a blue (positive) detuned laser beam the atoms are accelerated. An example is shown
in ﬁgure 2.2a. By using three orthogonal pairs of counter-propagating laser beams
an Optical Molasses (OM) is created: from all three directions the atom is slowed
until near zero velocity. OM were demonstrated ﬁrst by Chu et al. [133] using sodium
atoms in 1985, they achieved a trap time of about 0.1 s. The capture velocity of an
OM is (to within a factor of 2) Γ/k [134], which is in the case of sodium 6 m/s.
1For an optical dipole trap potential, as we will encounter in section 2.9, it has to be included.
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(a) Optical Molasses (OM), the magnetic ﬁeld and the
magnetic ﬁeld gradient are zero.
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(b) The spatially restoring force in a MOT due to a
linearly increasing magnetic ﬁeld of 10 Gauss/cm. The
velocity is zero. At the center position the magnetic
ﬁeld is zero.
Figure 2.2: The velocity (a) and spatially (b) dependent force in a MOT for a sodium atom. The
deceleration is due to the optical forces from a pair of counterpropagating laser beams (dashed,
equation 2.6) and the sum of both forces (solid). The laser intensity is 2s0 and the laser detuning is
δ = −1.5Γ.
By adding a magnetic quadrupole ﬁeld to the OM, a restoring force which depends
on the position is introduced (see ﬁgure 2.1). The acceleration due to the Zeeman shift
induced by a quadrupole ﬁeld gradient of 10 Gauss/cm is shown in ﬁgure 2.2b. For a
magnetic quadrupole ﬁeld, generated for example by a pair of coils in anti-Helmholtz
conﬁguration, the magnetic ﬁeld lines in the axial direction go in opposite direction
of the ﬁeld lines in the radial direction. In ﬁgure 2.1, the handedness of the light
is therefore also opposite. In one axis, the same handedness of the light is needed,
although the labeling with σ± suggests that the properties of the pair of laser beams
are different. As shown in ﬁgure 2.1, for a magnetic ﬁeld going inwards right handed
circular polarized light is required2.
It is no coincidence that the deceleration has the same dependence on position
as on velocity. For a quadrupole ﬁeld the magnetic ﬁeld is linearly dependent on
the position. The shape is the same as the Doppler shift and Zeeman shift are both
linear in velocity and position, respectively. Such a conﬁguration of a magnetic ﬁeld
combined with laser ﬁelds is called a Magneto-Optical Trap (MOT), where slowing
and spatial trapping of neutral atoms can be achieved. The ﬁrst time that this was
experimentally demonstrated was for sodium atoms by Raab et al. [27] in 1987.
2Circular polarized light is mostly used to create a MOT, there are others other possibilities, for example
using only linearly polarized light also a MOT can be created [135, 136].
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The scatter rate of photons is maximal when the laser beam is on resonance with
the atomic transition, about 30 million photons are then scattered per second. As each
photon results in a momentum change of about 3 cm/s, the corresponding maximal
deceleration is 9 · 105 m/s2, i.e. about 105 times the gravitional acceleration. The
laser detuning and the Zeeman shift can compensate for the Doppler shift of a moving
atom, bringing the atom on resonance with the transition.
The combination of the detuning and the magnetic ﬁeld gradient has to be such
that during the whole slowing process the deceleration can still be provided by the
scattering rate. The magnetic ﬁeld gradient also affects the density of the atom cloud.
For high atom density collisions between trapped atoms may lead to trap loss. In
section 2.3 we will study the dependence of the capture velocity of the MOT on the
MOT parameters.
The capture efﬁciency of a vapor MOT depends on the capture velocity, its depend-
ence can be found by calculating the fraction which can be captured by a MOT from a

















is the most probable velocity and the average velocity 〈v〉 = 2
π
vp. At
room temperature vp = 460 m/s. The fraction of the Maxwell-Boltzmann distribution





f (v)v2dv . (2.9)











which is a good approximation as vc ≈ 30 m/s.
As the trapping efﬁciency is proportional with v3c , maximizing the capture velocity
is of crucial importance to achieve an efﬁcient MOT operation.
2.2 Determination of the capture velocity from the loading and
loss rate
In an equilibrium situation, the number of trapped atoms in a MOT loaded from a
background vapor depends on the loading rate of atoms into the MOT and the loss
rate of trapped atoms. The loading rate depends on the single-pass capture efﬁciency
of the MOT, the MOT volume and the vapor density. The loss rate is primarily due to
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collisions of trapped atoms with untrapped atoms from the vapor3. As we will see the
loading rate and collision rate under these conditions depend both linearly on the
vapor density, i.e. the number of trapped atoms is independent of the vapor density. If
the number of trapped atoms, the trap volume and the loss rate is known, the capture
velocity can be calculated. In this section we calculate the loading and loss rate for
this purpose.
A Zeeman slower is used to load only cold atoms in a MOT, this circumvents the
problem of the vapor MOT, where increasing the vapor density does not increase
the number of trapped atoms. In a Zeeman slower, a spatial varying magnetic ﬁeld4
keeps the slowing atoms on resonance with a counterpropagating laser beam [138].
However, a Zeeman slower only cools one dimension of an atomic beam and requires
for efﬁcient operation a beam which is already cooled in the other two dimensions5.
In the Zeeman slower the initial velocity in the transverse direction increases due to
the recoil-induced heating from the slowing process. This transverse velocity becomes
important especially towards the end of the Zeeman slower, where the beam velocity
is low and approaches the capture velocity of the MOT.
For vapor cell based experiments overall efﬁciencies of order 1% have been demon-
strated [81]. A Zeeman slower approach typically has a slowing efﬁciency of about
10-100%. The efﬁciency of the the source to be used with a Zeeman slower is generally
lower than that for a vapor MOT.
The decision was made early for the 21Na experiment to use a vapor cell based
system instead of a Zeeman slower based system. In the context of the production
of other elements the vapor based setup is more generic. Therefore we focus the
discussion here only onto a study on vc and do not discuss the Zeeman slower
approach. However, we will use data obtained with Zeeman slowers, because they
provide valuable information on the capture velocity of a MOT.
Loading rate
For a MOT loading from a background vapor the rate equation for the number of








3r ≈ R− N
τ
− βnMN , (2.11)
where R is the loading rate and τ is the lifetime of the MOT cloud due to collisions
of the trapped atoms with the background gas. The last term represents the losses
which depend quadratically on the density proﬁle nM(r). For the right-hand side, it is
assumed that the density of trapped atoms nM is constant throughout the MOT cloud.
3For a high atom density in the MOT also collisions between cold, trapped atoms can result in a loss.
4Similarly, laser cooling of a sodium atomic beam using the Stark effect has also been demonstrated
[137].
5This can be accomplished with a transverse cooling stage, as for example is demonstrated in [139].
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In the case that the contribution of density dependent loss can be neglected the
solution to the rate equation is
N(t) = Rτ(1− e− tτ ) . (2.12)
Both R and the loading (and decay) time τ can be deduced from a measurement of
the ﬂuorescence of the trapped atoms.
At pressures ≥ 10−8 mbar the collisions with the background gas dominates. For
such a pressure the loading time τ is about 1 s [48, 140]. To give an impression, for a
loading time of 15 sec the density dependent loss results in a reduction of a factor
of 2.5 in the equilibrium number of trapped atoms for Na [141]. For better vacuum
conditions the situation is reversed [142]. From a certain number of trapped atoms,
the density of trapped atoms remains constant and the volume of the MOT cloud
increases. In a MOT density dependent losses are then not always recognized as such
[143].










with τNa the lifetime due the partial pressure of sodium and τres the lifetime due to
the remaining residual background gases. Unless mentioned otherwise, we assume
that the lifetime of the MOT cloud is dominated by the vapor from which the atoms
have to be trapped. For the equilibrium situation, where the number of trapped atoms
is constant,
N = Rτ . (2.14)




with v the velocity of the background gas atoms and σ the cross section to knock
out an atom from the MOT. This cross section depends on the energy of the colliding
particle. The brackets indicate that the average value over the Boltzmann velocity
distribution is taken.
Consider a rate of atoms loading into the MOT with a capture range 0− vc from a
vapor with density n and temperature T . Atoms with a speed between 0 and vc are




The surface area of the intersecting volume of three cylinders with diameter d at
right angles is 6(2 − 2)d2. The unit ﬂux through this surface is given by 1
4
n〈v〉
(equation B.1). Atoms entering the laser volume with a velocity smaller or equal to vc
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with P the fraction of the Boltzmann distribution given by equation 2.10. The maximal





In appendix B we show that the atom density may not be uniform, as we assume here.
This may modify the loading rate slightly.
In deriving this loading rate we assumed that every atom with v ≤ vc, which enters
the MOT trapping volume, will be trapped. Atoms which have a velocity which is
close to vc, but intersect the MOT volume only a fraction of the diameter can not
be decelerated sufﬁciently to be trapped. When the atom density is uniform, the
distribution of the length s for the atoms passing through a sphere (the trap volume)
with diameter d is linear, see appendix B. Compared to the situation where all atoms













We assume here that the atoms are subject to a constant deceleration. The loading





In the next section we address this factor again when we discuss the results of a 3D
Monte Carlo simulation of the MOT capturing process.
Summarizing, we calculated the loading rate of atoms from a vapor for a MOT
with a capture velocity vc. Our calculation assumes that the intra-trap collision loss
rate in the MOT system can be neglected. Because of the constant density regime this
is difﬁcult to conﬁrm experimentally. As a rule of thumb the loading time should be at
most 1 s. Furthermore we calculated that, because of the distribution in intersection
lengths in a MOT, the loading rate is reduced by a factor of 2 compared to the
commonly used estimate for the loading rate based on the Reif model.
Loss rate model for a vapor MOT
In appendix A we introduce the model for the loss rate for a vapor MOT. In short, the
model entails the following: Two types of collisions can occur between trapped (cold)
atoms and hot background atoms: the cold atom is in the ground- (S) or excited (P)
state; the hot atoms are in the ground state. Not all collisions lead to trap loss. Only
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Trap depth (K)

























Figure 2.3: The measured loss rate (solid symbols) from the Madison group and the theoretical
values from the loss rate model (open symbols), as function of the trap depth [146].
Table 2.1: Measured knock-out cross sections 〈σexp〉 and the calculated value 〈σth〉.




species species (cm2) (cm2)
Na N2 3.3 2.6 1.3 [147, 148]
Na Na ∼100 15 6.7 [149]
Rb N2 3.5± 0.4 2.7 1.3 [148, 150]
Rb Rb ∼30 9.0 3.3 [150]
Cs Cs 20 20 1.0 [145]
when the collision results in a transferred momentum, leading to a velocity exceeding
the escape velocity, the initially cold atom escapes from the MOT. The loss rate from
excited-ground state collisions is typical a factor of 10 larger than ground-ground state
collisions, but the atoms only spend typically 10% of the time in the excited state,
making the contribution from both types of collisions about equal.
To calculate the loss rate, which is proportional to 〈σv〉, the values for the Van
der Waals coefﬁcient C6 (for the S − S collisions) and for C3 (for the S − P collisions)
are needed. Both values can be found in literature (see appendix A). We use the
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peak intensity of the laser beams and the detuning of the laser from the transition to
calculate the fraction of the time the atoms spend in the excited state. The overall loss
rate has a slight dependence on vc itself (equation A.4 and A.9), as the escape velocity
is related to the capture velocity.
To see to which extent our calculation of 〈σ〉 and 〈σv〉 are realistic, we compare
our calculations with experimental values. In appendix A, we ﬁnd in ﬁgure A.1 good
agreement with the experimental data from a Rb MOT where the dependence of the
collision rate due to argon gas was studied. Our calculation is about 10-20% above
the experimental data.
A source of systematic error for the loss rate model is the excited-state fraction
(see appendix A). The scatter rate per atom is the excited-state fraction times Γ [48]. A
determination of the excited-state fraction is thus directly related to the determination
of the number of trapped atoms. Throughout this thesis we calculate the number of
atoms in the MOT by using the saturation intensity for isotropic, instead of circular,
polarized light for the |F = 2,mF = ±2〉 → |F ′ = 3,mF ′ = ±3〉 transition, which is
13.41 mW/cm2 for Na [151]. Using this value gives the most accurate number of
atoms in a MOT [152]. We became aware later of the work done by Shah et al. [153],
who accurately studied the excited state fraction as function of the laser intensity.
We use their factor of 2.8 (ﬁrst we used the factor of 2 mentioned before) for the
calculation of the excited state fraction for the loss rate model.
In ﬁgure 2.3 measured loss rates for a 87Rb MOT are compared with the predictions
of the loss rate model. The measured data are preliminary and are from the Madison
group at UBC, Vancouver [146]. More details about their setup and the used methods
can be found in [154, 155]. To measure the trap depth of the MOT, they use the Photo
Association (PA) technique, pioneered by Walker’s group [156]. In short, an extra
laser (referred to as the catalysis laser) excites two colliding Rb atoms to an excited
molecular state. After dissociation both atoms ﬂy apart with opposite momentum,
each carrying half the energy of the absorbed photon from the catalysis laser. By
measuring the loss dependence on the catalysis laser frequency the trap depth of the
MOT can be determined.
In ﬁgure 2.3 the theoretical values fall approximately 30% below the measured
values. The source of this disagreement is still subject of investigation. In table 2.1
we compare more experimental values for the loss rate observed in vapor MOTs to
our calculations. For the Cs-Cs experiment the agreement is good6. For two other
measurements the disagreement is a factor of 1.3, but for both the C6 value is not
known, this results in a smaller theoretical value. For Na-N we assume a capture
velocity of 15 m/s and a vapor at room temperature. For the two values (Na-Na and
Rb-Rb) for which the disagreement is large, unfortunately no estimate for the error is
given7.
6A later publication suggests at least a factor two as error for the experimental value, see page 46 of
[157].
7For the 85Rb experiment from [158], agreement with the experimental value is found in a calculation
similar to ours.
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The loss rate model gives a satisfactory description within a factor of 1.5. Only for
Na-Na a signiﬁcant discrepancy is observed.
The relationship between the loading and loss rate, enabling extraction of the
capture velocity can now be quantiﬁed. Combining equations 2.14, 2.15, 2.17 and












The parameters to calculate vc are the number of trapped atoms N0, the laser beam
diameter d and the temperature of the vapor (vp). 〈σ〉 is the Boltzmann averaged
knock-out cross section, α is a factor between 0.97 and 1.05 (equation A.13). This
phenomenological determination allows to estimate vc in an alternative way provided
some basic MOT observables are known.
2.3 Capture velocity: level structure and geometrical effects
The dependence of the capture and escape velocity on magnetic ﬁeld gradient, laser
intensity, laser detuning and laser beam diameter can be calculated with a simple 1D
numerical simulation as can be found in textbooks [48]. In the 1D simulation the sum
of the forces due to two counterpropagating laser beams (equation 2.6) are integrated
numerically over a ﬁxed distance 2r: the laser beam diameter.
With the MOT, besides a capture velocity, also an escape velocity (or trap depth) is
associated. The capture velocity is deﬁned as the velocity for which the atom starting
from the edge of the laser trap volume will be trapped. The escape velocity is deﬁned
as the maximal velocity an atom trapped in the center can have such that it cannot be
slowed down again by the MOT and is lost. When the atom is trapped the velocity is
practically zero. The escape velocity plays a role in processes with an instantaneous
increase of the velocity such as occur in collisions. The larger the escape velocity ve,
the more robust the MOT is against loss processes.
Both the capture and escape velocity might be non-isotropic in nature and are,
of course, closely related to each other. As the atom can be slowed down over about
twice the distance as compared to the escaping atom, the capture velocity can be
considered as an upper bound of the escape velocity. The difference can be expected
to be about a factor of

2. This has also been observed for Na [159–161]. Also for Rb
a similar factor of 1.29± 0.12 was recently found [155, 162].
In ﬁgure 2.4 we show the dependencies of the capture and escape velocity on four
MOT parameters. The capture efﬁciency depends on the third power of the capture
velocity vc (equation 2.10). For the four MOT parameters we have chosen typical
values for a Na MOT. For these values the capture velocity depends strongly on the
laser detuning and the magnetic ﬁeld gradient. The capture velocity drops sharply
when the intensity becomes less than 0.2 s0, this is also the case when the beam
diameter falls below 10 mm.
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Figure 2.4: Results obtained with a numerical simulation in 1D of the capture process in a MOT
of atoms with a two level system. Shown are the dependence of the capture velocity vc (solid lines)
and escape velocity ve (dashed lines) on the magnetic ﬁeld gradient (a), the laser intensity (b), the
laser detuning (c) and the laser beam diameter (d). In these ﬁgures, unless the parameter is varied,
the magnetic ﬁeld gradient is 10 Gauss/cm, the laser intensity is 2s0, the laser detuning δ = −1.5Γ
and the total stopping distance (laser beam diameter) is 25 mm.
From ﬁgure 2.1 it can be seen that besides providing the spatial trapping, the
magnetic ﬁeld in a MOT actually acts as a small Zeeman slower [48]. However,
compared to a Zeeman slower the shape of the magnetic ﬁeld in a MOT is suboptimal:
the deceleration is maximal near the edge of the laser beam. It can be expected that
the magnetic ﬁeld gradient has to be decreased when the laser beam diameter is
expanded, this is indeed observed in experiments [163].
Our model of the capture process assumes that the state of the atom can be
represented by two levels. Most alkaline isotopes have more levels, ﬁgure 2.5 shows
the level scheme for 21Na and 23Na. Both have two ground hyperﬁne levels and four
hyperﬁne levels in the 2P3/2 excited ﬁne level. Usually the MOT is operated on the
F = 2→ F ′ = 3 transition as a cooling transition and the F = 1→ F ′ = 2 transition


































Figure 2.5: The hyperﬁne ground (F) and excited states (F’) relevant for optical trapping of 23Na
and 21Na [123, 151]. The natural linewidth of the transitions is 9.8 MHz. With the S and P states;
only the hyperﬁne splittings are to scale. The Zeeman shift for the |F = 2,mF = ±2〉 → |F ′ =
3,mF ′ = ±3〉 transition is 1.4 MHz/Gauss [151].
is used as a repump transition. A repump laser is necessary as the cooling cycle is
not closed perfectly, the atoms end up in the F = 1 ground state after some time.
Also initially the atoms are distributed over both ground states. The laser saturation
intensity is the lowest for the combination of the highest F and highest mf magnetic
sub-state in the ground and excited state, in literature this combination of cooling
and repump transition is called a Type I MOT. For a certain amount of laser power
therefore the maximal force is exerted on the atoms.
For a typical red detuning of -15 MHz the atoms scatter mostly photons from the
cooling laser, only a fraction of the time the atom scatters light from the repump laser.
When a considerably larger negative detuning than -15 MHz to the F = 2→ F ′ = 3
transition is used, the result is an increase of the anti-trapping force, as the detuning
is positive, from F = 2→ F ′ = 2 transition. Also the atoms are driven more strongly to
the F = 1 hyperﬁne ground state where they have to be pumped back into the cooling
cycle, requiring more repump laser intensity.
MOT experiments show that for a Type I Na MOT the optimal detuning is in the
range of -20 to -10 MHz and the optimal axial magnetic ﬁeld gradient is in the range
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5-10 Gauss/cm [164–167]. The capture velocity is largest for a laser beam intensity
of about 8 mW/cm2, corresponding to an intensity of 1.3 s0 [161].
The anti-trapping problem is only entirely avoided for Na when a red detuning
with respect to the F = 1→ F ′ = 0 transition is chosen. A combination of a type I
and a type II (where the F = 2 → F ′ = 2 is used as a cooling transition) trap has
been demonstrated for Na [168]. Tanaka et al. found a detuning of -11 MHz for
the former to be optimal, for the latter this was a detuning of -18 MHz. Using this
two-color trap the number of trapped atoms increased with a factor of 3, compared to
a type I MOT. The disadvantage is that the saturation intensity of the |F = 1,mF =
±1〉 → |F ′ = 0,mF ′ = 0〉 transition is three times the saturation intensity of the
|F = 2,mF = ±2〉 → |F ′ = 3,mF ′ = ±3〉 transition [48], so more laser light is
required.
Two possible methods to increase the ﬂux of slowed atoms from an atomic beam
is to chirp the laser frequency or apply broadband light. In case of frequency chirping
the laser frequency is swept from large to small detunings [169], broadband light, or
“white-light” containing several closely spaced frequency components [170]. Besides
using to slow atomic beams, “white-light” has also been successfully demonstrated
for an ion beam [171]. However, Lindquist et al. [157] found that for MOT, both
methods did not improve the number of trapped atoms in the case of Cs. For another
Cs experiment and also a Na experiment, adding sidebands and chirping did not
improve the collection process of the MOT [163]. Possible reasons why the situation
for a MOT is more complicated than for an atomic or ion beam can be found in [157,
172, 173].
In the previous section in the derivation of the loading rate we assumed that
all atoms, which enter the MOT trapping volume, were captured. A rough estimate
using a 1D model of the slowing process gave that this approximation results in an
overestimate of the true loading rate with a factor of 2. We performed Monte Carlo
simulations in 3D to determine the error introduced by this approximation more
precisely, here we describe the model we used.
The complicated level structure of the sodium atom is approximated with a simple
two level system representing the |F = 2,mF = ±2〉 and |F ′ = 3,mF ′ = ±3〉 cooling
cycle. In the calculation we include the stimulated emission of excited states from the
same laser beam causing the excitation, but neglect the stimulated emission from the
other ﬁve laser beams. This is a good approximation for the slowing process.
In the simulation the laser beams ﬁll a cubic cell. We use a Gaussian proﬁle for
the intensity. The peak intensity, the beam waist and the aperture size can be chosen
differently for each axis. For the angular distribution of the particle release three
types have been implemented. The atoms are released from all six walls of the cubic
cell according to a cosine emission angular distribution, isotropically or are released
perpendicular to the cell wall. A Zeeman slowed atomic beam can be simulated by
letting the atoms enter the MOT beams under an angle of 45◦in the horizontal plane
(usually the axial direction is perpendicular to the Zeeman slower axis). The size of
the atomic beam can be set arbitrarily (including zero).
We use a quadrupole ﬁeld generated by an anti-Helmholtz conﬁguration, where
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the separation of the coils is 63 mm. The calculated ﬁeld can be found in ﬁgure 3.11.
Almost anywhere in the MOT trap volume the polarization components of the light





D1∗σ,σ′(0,θ ,φ)Eσ , (2.22)
where D1∗
σ,σ′(0,θ ,φ) is the Wigner D-function and θ and φ are the spherical coordin-
ates for the magnetic ﬁeld vector [174]. The polarization is labeled with σ = 0 for
linearly polarized light, σ = −1,1 stands for left and right polarized light, respect-
ively. In Wigner d-matrix elements gives D1∗
σ,σ′(0,θ ,φ) = d
1
σ,σ′(θ)e
iσ′φ . We do not
calculate the transition strength of the σ±,0 transitions for all ﬁve magnetic sub-states
of the F = 2 ground state to all the seven magnetic sub-states of the F = 3 excited
state combinations. We assume that the scattering from the F = 2,mF = ±2 to the
F = 3,mF = ±3 magnetic sub-state dominates the slowing force. We take the reduced





As we neglect optical pumping to the other magnetic sub-state levels, which results
in a decrease in the trapping force, or even an anti-trapping force, this Monte Carlo
simulation gives an upper bound for the capture and escape velocity.
The Monte Carlo (MC) simulation is implemented in Matlab and vectorized to
speed up the calculation. Typically 104 particles are simulated at once, the simulation
stops when the slowest particle has been tracked for a time of 5 ms. The condition to
be trapped is that at the end of the simulation the particles are within a sphere which
has a radius of 2 cm and the magnitude of the velocity has to be within 3 m/s. These
values are chosen relatively large as for the chosen time scale the fastest atoms, which
went through the center and were stopped, are still moving back to the center. In the
meantime untrapped particles are not anymore in the trapping volume. To determine
the escape velocity, the atoms are released isotropically from the center of the MOT.
2.4 Comparison of 3D simulation with experimental
observations
To test the validity of the 3D MC simulation we compare several predictions with
experimental data from a 87Rb MOT of which the properties were studied in great
detail [146, 154, 155]. We are primarily interested in the comparison of the MC results
with the experiment. The main goal is to verify the MC estimate of the reduction in
the loading rate due to geometrical reasons.
For the simulation we use the parameters from table 2.2. The repump laser is tuned
to the F = 1→ F = 2 resonance and its intensity is typically around 1.4 mW/cm2.
The data in table 2.2 are preliminary and are from the Madison group at UBC,
Vancouver [146]. More details about their setup and the used methods can be found
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Table 2.2: The parameters used for the Vancouver 87Rb MOT.
x , y axis z axis
Aperture diameter (mm) 9 10
1/e2 intensity diameter (mm) 7.4 8.4
Magnetic ﬁeld gradient (Gauss/cm) 14 28
 experiment (m/s)ev




















Figure 2.6: The prediction for experimental measured values for the escape velocity for a 87Rb
MOT and the predictions from the 3D Monte Carlo (MC) simulation (see text).
Table 2.3: The atom number for a given trap depth and the corresponding MOT parameters for the
87Rb Vancouver setup. The trap depth is measured with the Photo Association technique (see text).
Trap depth Detuning Peak intensity Atom number
(K) (MHz) (mW/cm2) (107)
2.2 -12 84 7.7
2.0 -12 21 9.5
1.8 -12 16 10
1.1 -10 6 3.0
0.90 -8 6 3.2
0.64 -5 6 1.4
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Figure 2.7: Comparisons between experimental values, results of the 3D Monte Carlo (MC)
simulation and the prediction by the Reif model. The points are obtained with different laser
detunings and/or laser intensity (see table 2.3). The correlation between the number of trapped
atoms observed experimentally and the prediction of the MC model (a). The relation between
the escape velocity and the capture velocity in the plane (for a Zeeman slowed beam) (b). The
relation between the capture velocity (equation 2.16) and the capture velocity in the plane (c).
The number of trapped atoms predicted, using the value of vc from (b) and the number of trapped
atoms predicted by the MC model (d).
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in [154, 155]. To measure the trap depth of the MOT, they used the Photo Association
(PA) technique, pioneered by Walker’s group [156]. They determined the number of
trapped atoms with a method developed by Chen et al. [175], which is supposed to
be more robust than the standard ﬂuorescence and absorption method to determine
the atom number8. We calculate the number of atoms by combining the result from




〈v〉6π(d/2)2 εη〈σv〉 . (2.24)
where 〈v〉 is the average velocity of the atoms which end up trapped, assuming a
thermal gas. In the MC simulation the atoms are uniformly released from a circle
with diameter d (the laser beam diameter) and ε is the fraction of the Boltzmann
distribution, which is captured by the MOT. Finally, we take into account η = 0.28,
the isotopic abundance of 87Rb in the source used.
In ﬁgure 2.6 we compare the predictions of the model with experimental values
from the Madison group, found using Photo Association (PA). The mean value for the
simulation is the velocity for which 50% of the atoms are lost, the error is the velocity
range for which 10% and 90% of the atoms escape from the trap. The ﬁt of the scaling
factor gives 1.1± 0.05. The model is thus in good agreement with the data.
In ﬁgure 2.7 the measured atom numbers for different MOT parameters are com-
pared with the results of the 3D MC simulation and the Reif model prediction (equation
2.18). Figure 2.7a shows the number of trapped atoms observed experimentally and
the prediction of the MC model. Only the data point for a trap depth of 1.1 K deviates
signiﬁcantly.
We conclude that the MC simulation overestimates the number of trapped atoms
with a factor 2.2. This mismatch is either due to an (combination of an) overestimate
of the loading rate in the MC simulation, or an underestimate of the collision rate
in the loss rate model. From ﬁgure 2.3 we already concluded that the collision rate
might be underestimated by about a factor of 1.4. This would leave a disagreement in
the observed and the calculated atom number of a factor 1.6, which is very reasonable
considering the simplicity of the MC simulation and the difﬁculty in obtaining the
experimental observables.
In ﬁgure 2.7b we show the relation between the escape velocity and the capture
velocity. The capture velocity is determined by simulating a Zeeman slowed beam,
with no initial beam size, entering the MOT beams under 45 ◦. The axial direction
of the MOT is perpendicular to the direction of the atomic beam. This is a usual
conﬁguration for a MOT loaded from a Zeeman slower. The ﬁtted linear function has
an offset of 3 m/s and a slope of 0.72. So from the MC simulation the relationship
between the capture and escape velocity is vc = 1.4ve. This is in very good agreement
with the experimental value of 1.29(0.12) [155].
8The atom number found in this way was a factor of about 1.4 higher than estimated by measuring the
ﬂuorescence of the atoms.
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We compare in ﬁgure 2.7c the mean speed (equation 2.16) with the capture
velocity, determined via the MC for a Zeeman slowed beam. The data are ﬁtted with a
linear function, the offset is 3 m/s and the slope is 0.70. The slope would be 1 if all
atoms below the capture velocity would be captured.
Finally, in ﬁgure 2.7d the number of trapped atoms predicted, using the value of
vc from ﬁgure 2.7b and the number of trapped atoms predicted by the MC model
are compared. The data is ﬁtted with a scaling factor. The conclusion is that the Reif
model overestimates the number of trapped atoms with a factor 2.7. This factor is






Note that our 1D estimate of a factor 1/2 (equation 2.20) is close to this value.
2.5 Estimate of the capture velocity for vapor cell loaded MOTs
Using the modiﬁed Reif model (equation 2.25) we calculate the capture velocities for
alkaline MOT experiments and use the outcome to put the particular properties of Na
in perspective.
In table 2.4 we review the key parameters for some alkaline experiments reported
in literature. The MOTs are loaded from a vapor background gas. Although it is
not always explicitly mentioned in the references, we assume that background gas
collisions dominate the loss rate. The list includes to the best of our knowledge the
experiments with the highest trapping efﬁciency. For comparison we added a few
experiments with lower efﬁciencies.
The table is organized as following. The ﬁrst column speciﬁes the isotope which
is trapped in the MOT. The second and third column give the hyperﬁne frequency
splitting of the ground and second excited state, respectively, between the two levels
with the highest quantum numbers of these states. The laser beam diameter (aperture)
is listed in the fourth column. The ﬁfth column contains the number of trapped atoms,
divided by the abundance of the used atom source. The laser beam diameter, the
number of trapped atoms, the MOT parameters and the Van der Waals coefﬁcients are
used to calculate the sixth and seventh column: the knock-out collision cross section
and the capture velocity. The Doppler shift corresponding to the capture velocity is
calculated in the eighth column. The laser detuning, with respect to the transition with
the highest quantum numbers is given in the ninth column, the Zeeman shift in the
axial direction is listed in the tenth column. The captured fraction from a Boltzmann
distribution is shown in the eleventh column, the used reference can be found in the
last column.
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Table 2.5: The measured capture velocity for alkaline MOT systems loaded from Zeeman slowed
beams. The Doppler shift corresponding to the capture velocity vc is δvc . The laser detuning is with
respect to the largest F quantum number. The peak laser beam intensity is I0, ∇B is the magnetic
quadrupole ﬁeld gradient in the axial direction.
Alkaline Laser vc vc 1D δ I0 ∇B Ref.
isotope (mm) (m/s) (m/s) (MHz) (mW/cm2) (G/cm)
6Li 18 45.5 65+10−4 -35 7.9 19 [185]
7Li 13 70 66+9−6 -40 12 14 [186, 187]
7Li 10 80 89+12−6 -45 94 15 [188, 189]
23Na 12 27 26+4−2 -10 8.8 10 [161]
23Na 25 27 34+7−3 -15 8.8 11 [164]
87Rb 25 43 36+11−3 -18 5.3 16.5 [164, 190]
87Rb 15 50 42+7−3 -18 57 10 [188, 189]
As discussed in section 2.3 the structure of the hyperﬁne splittings affects in the
capture velocity. The size of the frequency splittings of the ground and excited state are
relevant, they have to be compared with the typical Doppler shift and the linewidth of
the transition. The Doppler shift is typically maximally about 100 MHz, the linewidths
of the transitions considered here are on the order of 10 MHz. As the frequency
splitting of the ground state is at least 200 MHz, the size of the frequency splitting of
the ground state does not play a role.
For the excited state there are three possibilities: the frequency splitting between
the highest and next-highest angular momentum number is small (about a 30 MHz or
less), it is large (100 MHz or more), or it is medium (between 30-100 MHz). When the
splitting is small, the laser can be red detuned with respect to all the transitions. For a
large frequency splitting the inﬂuence of anti-trapping is small. Only in the medium
case a limited capture velocity can be expected, because the frequency detuning can
only be chosen relatively small.
However, for some atoms the order of the hyperﬁne levels is inverted. This means
that the energy level increases for a decreasing total quantum number. As the cooling
cycle is chosen to be the cycle between the highest quantum numbers, an inverted
structure is advantageous because the laser is red detuned to all transitions. Therefore
there is no constraint on the laser detuning because of possible anti-trapping from
neighboring transitions.
Now turning to the discussion of table 2.4, we indeed observe that the level
structure is advantageous for the trapping of K. In the 39K and 41K experiments high-
power laser light is frequency detuned with respect to the whole hyperﬁne structure
of the excited state, -6 Γ and -8 Γ respectively (Γ = 6.2 MHz). 40K and 7Li have an
inverted hyperﬁne structure in the excited state, these two isotopes also show high
capture velocities. For 87Rb and Cs we observe that large laser beam diameters result
in a larger capture velocity.
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Concerning the Boltzmann fraction, there is a trend towards higher trapping
efﬁciencies in the table for a larger mass m, as can be expected from equation 2.10:
the capture efﬁciency is proportional to m3/2. Na stands out, together with Li, in the
sense that its highest trapping efﬁciencies are two orders of magnitude lower than
reported for all the other alkaline element systems.
Two different loading methods of MOTs also provide information on the capture
velocity: Zeeman slowers and push beams. To achieve the highest loading rate in the
MOT, the velocity of the atom beam from the Zeeman slower has to be optimized
to the maximum value that is still trapped by the MOT. Therefore this velocity is
a direct estimate of the capture velocity of the MOT. In table 2.5 the velocities for
the highest loading rate are listed for several experiments. We include the simple,
one-dimensional estimate for the capture velocity, obtained by a numerical simulation
of the slowing process, as we used before.
The uncertainty for the 1D estimate for the capture velocity, described on page
26, is obtained by varying the stopping distance. Typically in a Zeeman slower the
atoms cross the MOT beams with an diameter d under an angle of 45◦. Therefore we





2d (the last for




The mean value of the 1D calculation reproduces for the capture velocity within
10-20%, only for 6Li the deviation is larger. A direct comparison of the results of table
2.5 with the results for vc from table 2.4 is not possible, as the experiments are all
different. It seems however that the values measured with the Zeeman slower are
somewhat larger than the predicted values. Especially for Na the value is considerable
lower.
Another possibility to get an impression of the capture velocity of a MOT system is
in a transfer efﬁciency measurement with a near-resonant push beam. The faster the
atoms are pushed, the smaller the divergence and the higher the transfer efﬁciency
(see section 5.3). The optimal push velocity in such transfer schemes is therefore
close to the capture velocity of the receiving MOT system. From table 2.9 we ﬁnd
for the optimal push velocity of a 41K MOT system 40 m/s. The ﬁrst entry for 41K
in table 2.4 gives a representative value of 56 m/s from the same experiment. The
optimal velocity is expected to a bit lower than the capture velocity of the MOT as the
measured Gaussian width of the velocity distribution of the push atoms is 5 m/s.
Na exhibits the lowest capture velocity. The reason is due to the frequency sep-
aration between the two transitions of the excited state which is unique among the
isotopes listed in the table: it is medium sized and not inverted. Therefore the laser
detuning must be kept small, which reduces the capture velocity.
Summarizing this section we have calculated the capture velocity for MOTs loaded
from a background vapor. As input for this calculation we have used an atom-atom
model for the collision cross section. From the comparison of high efﬁciency MOT
systems for alkaline isotopes we found that the nature of Na is unfavorable for trapping.
It has a relative low capture velocity, related to the particularities of its hyperﬁne
structure.
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Figure 2.8: The implementation depth of a 2.8 keV ion beam into a Zr neutralizer, simulated using
the SRIM software package [194]. The inset shows a histogram of the energy of the back-scattered
ions, the total back scattered fraction is 19%.
2.6 Ion beam neutralization
There are two options to stop and neutralize an ion beam: using a solid or a gas
target. In the ﬁrst method the ion beam is shot into a metal foil. By heating the foil the
particles diffuse towards the surface and are released primarily as atoms. The method
with gas uses resonant charge exchange. This can be very efﬁcient but requires a fast
(keV) ion beam [191]. A variant of this method has been used by Aubin et al., where
about 90% of a 5 keV Fr+ ion beam is neutralized and stopped in 4 cm of Rb vapor
at 115 ◦C [192, 193]. The vapor pressure of Rb at this temperature is about 10−3
mbar, incompatible with the vacuum requirements for a suitable MOT lifetime of 1 s,
which requires 5 orders of magnitude better vacuum. Therefore, we consider here
only neutralization using a neutralizer foil.
Implantation
The lifetime of 32 s of 21Na requires online production, therefore the setup is coupled
to the TRIμP production facility, which is described in section 3.1. For reference we
brieﬂy describe the production and thermalization of the particles already here. The
21Na particles are produced by colliding a high-energy (23 MeV/nucleon) 20Ne ion
beam with a deuterium target [195, 196]. After separating the reaction products in
the dual magnetic separator the 21Na beam is stopped in a stack of heated thin metal
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foils inside the Thermal Ionizer (TI) [129]. The 21Na particles diffuse out of the foil.
A small fraction of the time they are singly charged. These ions are extracted with a
-6.9 kV electric ﬁeld potential and after deceleration the ﬁnal beam energy is 2.8 keV.
This low-energy ion beam is transported from the TI about 10 meters downstream,
into the Collector Chamber (CC). There the ions are stopped by a thin neutralizer foil,
typically 25 μm thick. The neutralizer foil is located in the glass cell, around which
the collector MOT is built. At a neutralizer foil temperature of about 1100 K the 21Na
atoms diffuse out of the foil in about 1 second. The hot atoms then pass the laser
trap volume before colliding with the walls of the glass cell, covered with a non-stick
coating. The atoms bounce from the wall and re-enter the trap volume. In this way
the atoms have multiple chances to be trapped. The atoms are eventually lost due
to permanent sticking on the walls, escaping through one of the cell openings or by
nuclear decay.
Diffusion and atomic release
To get an impression of the temperature required to release a signiﬁcant fraction from
the neutralizer foil we discuss the process of stopping and diffusion of the particles
inside a solid. Consider the parameters of the present experiment: a Na ion beam at
an energy of 2.8 keV shot into a Zr foil. For an idealized foil we performed simulations
to determine the distribution of the depths at which the ions are stopped. The result
is shown in ﬁgure 2.8. The ﬁt is given by xαe−(x/d)
2
, here d is 88 Å and a = 0.65. To
simplify we set a = 1, which is still a good approximation [197]. The value for d is
then 71 Å,

2 times the maximum of the particle distribution (the depth) of 50 Å,
which is shown in ﬁgure 2.8.
Another outcome of this simulation, shown in ﬁgure 2.8 in the inset, is that about
20% of the ions are back scattered at these low energies. The typical recoil energy is
of the order of a keV. After being scattered back from the neutralizer foil, these ions
might be neutralized on the glass wall of the cell.
Diffusion sets the time scale at which the particles reach the surface from below.





with d the characteristic implantation depth [197]. The explicit time dependence of
the release will be discussed in more detail in section 4.4. The diffusion constant D
depends on the temperature by the Arrhenius function,
D = D0e
−Ea/kBT . (2.27)
The diffusion constant D0, and the activation energy Ea depend on the isotope and the
neutralizer material. For Na and typical neutralizer materials no such data is known.
However, studies by Melconian et al. [197] indicate that for a temperature of 1200 K
about 50% of the implanted ions will be released.
The interaction of the surface with the particle determines whether it leaves the
surface as an ion or a neutral atom. The energy difference between the work function
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EWF = 4.05 eV for Zr and the ionization potential EIP = 5.139 eV for Na has to be







For the alkali elements the ratio of the statistical weight w+
w0
is 1/2 [198]. For 1200 K
the ratio is 1.3 · 10−5, therefore we do not need to consider ionization. Note, however,
that this is the mechanism used to extract ions from the Thermal Ionizer (TI). The TI
is made of tungsten, where EWF = 4.55 eV. At a temperature of 2000 K Na is ionized
at the percent level [129].
For the release of the implanted particles from a surface two types of interaction
are relevant: chemical bonding (chemisorption) and sticking (adsorption) [199].
These processes are of importance both for the number of bounces inside a glass cell
and for the release from the neutralizer.
We therefore discuss the adsorption process for three types of surfaces: the neut-
ralizer material, a bare glass surface and a non-stick coated glass surface. Physical
adsorption is characterized by an adsorption energy Eads. The atom can be trapped by
a Van der Waals potential on the surface, which determines the sticking time
τs = τ0e
Eads/kBT , (2.29)
where τ0 is of the order of h/kT . Typically 10
−12 − 10−13 s is used [200].
As the neutralizer is heated to about 1200 K to release the atoms efﬁciently, we
conclude from table 2.6 that the atoms will not stick to the neutralizer surface.
2.7 Adsorption energies and wall coatings
A lot of literature is available on coatings and the several mechanisms associated with
it. We here give a critical review of the experimental results and combine several
insights obtained using different methods to establish some interrelations.
From studies on efﬁcient atom collection in vapor cell laser traps by Wieman et
al. adsorption energies were deduced from measurements on the sticking time on
several (coated) surfaces [199, 201]. From Light Induced Drift (LID) experiments
some adsorption values for alkalines on (coated) surfaces are known. See for example
[202] and references therein. We summarize these values in table 2.6.
It can be seen for sodium on uncoated surfaces three experiments report a value
of about 0.8 eV, but Burˇicˇ et al. [203] report a much higher value of 2.5 eV. They
speculate that a monolayer of sodium probably covered the sapphire surface in the
other experiments, which was absent in their experiment due to the high temperature.
The low adsorption values for Na could therefore be the adsorption energy of sodium
atoms on a sodium surface.
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Table 2.6: The adsorption energy and sticking timescale for (non)coated surfaces. In the
literature for Na τ0 = 10
−13 s is used [203], for Cs and Rb τ0 = 10
−12 s [200].
Surface material Atom Adsorption Residence Ref.
energy (eV) time (s)
Zr Na 0.97 1000 [196]
Zr, 700 K Na 0.97 1 · 10−6 [196]
Sapphire Na 0.75± 0.25 ∼ 4 · 10−6 [204]
Sapphire, 1700 K Na 2.5± 0.1 ∼ 10−3 [203]
Gehlenite, T=500 K Na 0.9 ∼ 10−3 [205]
Pyrex, 400 K Na 0.71± 0.02 8.3 · 10−5 [206, 207]
Pyrex, silane, 440-470 K Na 0.1 - [208]
Parafﬁn coated pyrex Rb 0.1 4 · 10−10 [200]
Tetracontane coated glass Rb 0.06 10−11 [209]
Tetracontane coated pyrex Rb 0.062 10−11 [210]
Pyrex Cs 0.53± 0.03 1.6 · 10−3 [201]
Sapphire, 300 K Cs 0.43± 0.1 2 · 10−5 [201]
Pyrex, OTS coating Cs 0.40± 0.03 9 · 10−6 [201]
For Na and Rb, on parafﬁn coated glass very low adsorption values of about 0.1
eV are reported. For Cs, the adsorption energy is about 0.4 eV on the coated surface,
close to the 0.5 eV for the uncoated surface. This might have to do with the previously
discussed mechanism: the surface might be covered with the alkaline itself.
In order to compare the surfaces we look at various bonding energies of the
alkaline atoms [205]. Glass is mainly made of SiO2, about 80% for pyrex. A bond
might be formed between the oxygen and the alkaline atom. The second possibility
is that the alkaline atom forms a bond with another alkaline already present on the
surface. In the extreme case a mono-layer or thicker has been formed on the surface.
In the former case the bonding energy between two alkaline atoms is relevant, in the
latter case the heat of evaporation of the element can expected to give an indication
of the bond energy [205].
In table 2.7 we list these three energies for the alkaline atoms, except Fr. The bond
energy with oxygen is in the range of 2.8-3.5 eV, the bond energy with itself and the
evaporation energy are both monotonic decreasing for heavier species.
Comparing the values from table 2.7 with table 2.6 it might indeed be that the
low adsorption values are due to covering of the surfaces with the alkaline atoms
themselves. For Cs the adsorption energies for coated and uncoated surfaces, reported
in table 2.6, are compatible with a surface covered with Cs.
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Table 2.7: The two left columns contain the bond energy for diatomic species, the
right column is the enthalpy of formation of gaseous atoms. For the bond energy
of the alkali diatomic pair the sticking time scale is calculated, equation 2.29, with
τ0 = h/kT. The data are from the section “Bond dissociation energies” from [211].
Species Bond energy Bond energy Timescale Enthalpy
with oxygen (eV) with itself (eV) (s) gas (eV)
Li 3.53 1.09 106 1.65
Na 2.80 0.78 4 1.11
K 2.81 0.59 2 · 10−3 0.92
Rb 2.86 0.51 10−5 0.84
Cs 3.04 0.46 10−4 0.79
Table 2.8: Energy threshold of the desorption light for the LIAD effect on
different surfaces.
Species Surface Coating LIAD threshold Ref.
material (eV)
Na SiO2 - 2.0− 3.8 [212]
Na Pyrex - 2.6 [178]
Na Glass PDMS 1.2 [213]
Na2 Glass PDMS 1.4 [213]
40K Quartz - 1.9± 0.1 [180]
K pyrex PDMS 1.43 [214]
87Rb Quartz - 1.85± 0.2 [180]
87Rb Stainless steel - 1.9± 0.1 [180]
Desorption
When the coating is not perfect, inevitably the atoms will be bound to the surface. In
the chemisorption process the atom chemically reacts and is permanently bond to the
wall [201]. The most important desorption mechanism, in which this bond is broken,
is provided by Light Induced Atomic Desorption (LIAD). In this process, an ultraviolet
(UV) photon results in the release of the atom off the wall. LIAD was demonstrated
in 1993 by Gozzini et al. with Na, K and Rb [215] in a polydimethylsiloxane (PDMS)
coated cell. LIAD is especially powerful because it can act as a fast (of the order of 100
ms) switchable atom source [216]. In this way a short loading time can be combined
with a long lifetime of the trapped atoms.
For Na Yakshinskiiy and Madey explain the desorption by either photo-excitation of
an electron from a surface state to neutralize surface Na+ or an indirect process [212].
In the latter the photons excite electrons to the conduction band from bulk defect
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states or directly. At the surface they then neutralize Na+, which is then desorbed with
a non-thermal velocity distribution.
The dynamics of LIAD can be described quantitatively. Pioneering work was done
by Atutov et al. in 1999 [217]. Re¸bilas et al. presented 10 years later a different
approach describing the data better [218, 219]. If the LIAD photon energy hν is
larger than the energy threshold χ, the desorption yield has a (A+δ2) dependence,
with δ = (hν −χ)/kT [213]. In table 2.8 we list various observations of the energy
threshold for the LIAD effect. Comparing with the bond energies from table 2.7 we
observe that the LIAD energy threshold is in the same range.
For Rb, the wave number dependence of the LIAD effect was studied for a constant
light intensity on a stainless steel and quartz cell [180]. The loading rate for quartz
was about 40% larger than for steel at the highest LIAD photon energy of 3.13 eV. This
might indicate that several monolayers of Rb were formed at the surfaces. Up to 75%
of stored Rb atoms could be released in a single ﬂash from a photographic ﬂash lamp
using up to 0.3 J/cm2 [220].
For Na the sticking time for a non-coated pyrex surface at room temperature is of
order of 0.2+0.4−0.1 s using the most precise value for the adsorption energy from [206].
As the typical number of bounces is in the order of 1000, a coating is necessary for Na.
With light of 455 nm, a few mW/cm2 is sufﬁcient to load a MOT efﬁciently with Na
[178]. LIAD is thus a valuable tool to check whether sodium got stuck on the surface
and should be used as a diagnostic tool.
Curing/passivating/ripening of the non-stick coating
Stephens et al. were the ﬁrst who systematically studied wall coatings to improve
the collection efﬁciency of a MOT [201]. They conclude that after coating the cell, it
must be cured with a vapor to prevent chemical reactions with the dry-ﬁlm coating.
Guckert et al. [221] used an OTS coated cell to trap radioactive 82Rb, they report
maximally about 30 bounces, where they expected about 600. By using a collimated
NaI-γ counter they found that a large portion of the activity sticks to the wall.
It can be hard to establish a good quality of the coating and understand possible
factors which inﬂuence it during the coating procedure and degradation during the
experiments. A systematic study of coating materials with different surface techniques
was performed to learn about the bulk and surface properties by Seltzer et al. [222].
Alkaline atoms diffuse slowly into the coating towards the glass [200].
So-called ripening, or curing, plays an important role for the desorption properties
of the wall coating [223]. Atutov et al. for example reported for Rb that curing with
a Na vapor for 4 days long at a pressure of 10−7 mbar was necessary to achieve
the maximal number of about 1400 bounces (see also ﬁgure B.1). However, as was
realized early by Guckert et al. [224], for the radioactive atom an exchange process
with a stable atom that cures the coating can result in a loss, whereas this effect will
go unnoticed for a stable atom exchange.
On the other hand, there have been many experiments which studied the relaxation
rates of polarized atoms on surfaces [200, 225]. An atom which is present on the wall is
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quickly depolarized, therefore such an exchange process would manifest itself through
a higher relaxation rate. For Na Swenson et al. [226, 227] studied the relaxation rate
for polarized Na atoms colliding with a silicone surface. They looked for the inﬂuence
of the duration of exposure to Na vapor, wall temperature, Na density, and magnetic
ﬁeld strength. They found that such surfaces have spin relaxation times corresponding
to over 100 wall collisions even after weeks of exposure to Na vapor. This provides
strong evidence that such exchange processes are not relevant for Na and therefore
achieved collection efﬁciency with 23Na should be the same for 21Na.
This is also reported on in literature in another type of experiments. Many exper-
iments in quantum optics and magnetometry use alkaline atom vapor cells coated
with anti-relaxation coating to improve the spin relaxation time of the spin polarized
atomic vapor [200, 228]. To their experience parafﬁn coated cells need a special
process of ‘ripening’ just after the coating preparation [229].
The explanation behind the ripening process is that chemical active areas get
passivated. However, it might also be possible that a (or more) monolayer(s) of the
curing element are created on the surface. The corresponding sticking times range
from about 1 s for Na to μs for Cs (see table 2.7). Except for Li and Na the adsorption
energy for the alkalines is so low that effectively it does not matter.
Swenson et al. carried out a detailed study on the relaxation rate of optically
pumped polarized Na vapor [226, 227]. They ﬁnd that even after weeks of exposure
to Na vapor at 225 ◦C, the relaxation rate still corresponds to over 100 bounces. For
the adsorption energy of Na on a dryﬁlm surface they estimate about 0.07 eV, a bit
smaller than the 0.1 eV for Rb on parafﬁn found by Bouchiat et al. [200].
Summary of wall coatings
In summary, a variety of methods exists to reduce the sticking time or to release the
stuck particles. The temperature of the neutralizer foil is so high that the atoms will
not stick to it, the studies are concerned with sticking of the atoms to the glass and
metal at room temperature. These studies are almost always done with stable particles.
These results can be transferred to radioactive particles, where the abundance is very
low. However, even in the case of stable atoms conditions under which the experiments
are performed are unclear.
For radioactive atoms the interpretation of the overall efﬁciency is challenging. The
contribution from the neutralizer release efﬁciency, the single pass trapping efﬁciency,
the sticking time and number of trap passages are hard to disentangle. Some of
these problems can also be identiﬁed in literature. Discussions with authors of above-
mentioned papers [230–232] have conﬁrmed the currently unsatisfactory level of
understanding. Nonetheless, clear recommendations can be made for the efﬁcient
trapping of Na atoms from the heated neutralizer: for Na a coating is necessary, as the
sticking time on bare glass is on the order of a second. Furthermore LIAD should be
used as a diagnostic tool.
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2.8 Number of bounces and trap passages
The most reasonable procedure to increase the collection efﬁciency is to have multiple
trap passages. Because we use radioactive atoms, the sticking time has to be short.
The quality of the coating should be such that the number of bounces is limited by the
geometry of the cell. Here we discuss the geometrical limitation for the number of
bounces and trap passages.
A non-stick wall coating offers improvements from both categories: hot atoms
thermalize on the room temperature wall and the atoms will pass the laser trap
volume several times (depending on the geometry of the cell). Thermalization from a
temperature of 1100 K to room temperature (293 K) brings a factor of 7 improvement.
To achieve the desired collection efﬁciency of 1% the number of trap passages needs
to be about 100.
The number of bounces for our cell geometry and the corresponding number of
passages through the laser volume was calculated with a Monte Carlo simulation
of the effusion process. To test our calculation we also did the calculation for the
experiment of Atutov et al. [233]. This is discussed in appendix B. An important
conclusion drawn there is that for our purposes the effusion process is best described
using an isotropic emission pattern for particles when coming off the surface. That
an isotropic emission pattern describes effusion best has also been found elsewhere
[234].
We used the Monte Carlo simulation to calculate the expected number of bounces
and trapping passages for one of the two glass cells we used in our experiments, the
results can be found in section 3.6.
2.9 Double MOT transfer
We need a transfer efﬁciency from the collector to the science MOT of about 50% for
21Na. The distance between the two MOTs is 69 cm. Additionally a reliable operation
is required and compatibility with the constraints imposed by the β-decay science
chamber with respect to the detection equipment. Also the hardware requirements
(laser power, frequency requirements) have to be taken into account.
To achieve a Bose-Einstein Condensate (BEC), a high number of cold atoms in an
ultra-high vacuum (UHV) environment is required as a starting point. One strategy
for creating a BEC is to load atoms from a vapor into a Magneto-Optical Trap (MOT)
which can be done fast. Next the trapped atoms are transferred to a second MOT
setup with better vacuum [235, 236]. Consequently, there exist many experiments
in which atoms are transferred between two atom traps. We identiﬁed ﬁve types of
transfer: by gravity (A), by magnetic transport (B), with a dipole push-guide (C), with
an optical dipole trap (D) and with a resonant push beam (E). We discuss for each
type the principle, its (dis)advantages and its applicability to our setup.
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Gravity (A)
The simplest method is to let the atom cloud fall from a ﬁrst MOT in a second MOT
below. Under the gravitational acceleration of about 9.8 m/s2 the atoms fall and are
recaptured in the second MOT system. To improve the transfer efﬁciency, the temper-
ature of the cloud is reduced just before the transfer (optical molasses) to achieve very
low temperatures. A high transfer efﬁciency is therefore still a challenge. However, for
reasons of space requirements, our double MOT system is in the horizontal plane and
the gravity method is thus not an option.
Magnetic transfer (B)
In this method a conservative potential created by magnetic ﬁelds is used to con-
ﬁne the atoms during the transfer. Either the transfer is done only using magnetic
potentials (the atoms are moved with the potential), or a magnetic guide is used
and the atoms are accelerated and recaptured with another mechanism. The moving
magnetic potential can be implemented in two ways: by varying the magnetic ﬁelds
or by moving magnets mechanically [237]. The ﬁrst kind is a magnetic conveyor belt.
It is a chain of quadrupole coils where the potential minimum is moved by applying
time-varying currents to the coils. In essence it is a moving magnetic trap which is
loaded in the MOT region. The initial temperature of the MOT cloud has to be reduced
with additional cooling schemes to be efﬁcient with this approach. For a β-decay
correlation measurement, the conveyor belt is taking too much solid angle of the
particle detectors. Similarly, when the magnetic trap is moved mechanically; solid
angle is lost to the moving mechanisms.
Optical methods
For the optical method two strategies can be followed. Either the push beam is far-off
or near resonance. The off resonance beam creates a conservative dipole potential. To
trap the atoms a strong (of order 20 W) laser beam with a red detuning of several
hundred nm is focused to a spot of order 30 μm9. By moving the focus the atoms can
be transported using this Optical Dipole Trap (ODT) force [239].
The ODT force can also be used to create a conﬁning guide. In this case the
detuning is chosen to be relatively small, typically a GHz. The spontaneous scattering
rate is then still sufﬁcient to accelerate the atoms to a few m/s. The near-resonance
push beam accelerates the atoms much quicker but does not provide a conﬁning
potential.
In the case of the near-resonance transfer method the atoms can be cooled in two
dimensions by an atom funnel, which is a two dimensional version of a conventional
MOT [240–242]. This reduces the transverse velocity spread of the atomic beam and
in this way the transfer efﬁciency can considerable enhanced.
9An exception to these typical conditions is an experiment done by the Wieman group [56, 238], where
a combination of a red detuning of 4 nm and 0.5 W laser power was used.
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Table 2.9: An overview of experiments using ﬁve techniques to transfer atoms between two atom
traps: gravity (A), magnetic transfer (B), dipolar push-guide (C), optical dipole trap (D) and a
resonant push beam (E). PM stands for permanent magnet, MG for magnetic guide. δv is the
standard deviation of the velocity distribution. The diameter of the push laser beam is indicated
in mm. Vertically separated MOT systems are indicated with †.
Type Parameters Atom Dist. v¯ ±δv Eff. Ref.
(cm) (m/s) (%)
A Molasses 5 μK 133Cs 70† 1.9 20 [243]
B
Time-varying 87Rb 33 0.8 30 [244]
Static, mechanically 87Rb 45 0.5 50 [152]
C
+1.5 GHz, 70 mW 133Cs 20 1.5 3 [245]
+6 GHz, 55 mW 87Rb 24 10.0 3 [246]
-1.5 GHz, 63 mW, 1.3 mm 133Cs 57† 5.5 70 [247]
-1.0 GHz, 21 mW, 0.6 mm 87Rb 72† 12.6 50
-1.2 GHz, 20 mW, 1.6 mm 133Cs 19† ≤ 20 2-91 [248]
D
Lattice, 0.24 W, -5.5 GHz 23Na 40 16.5 20 [249]





0.8 mm hole in retro-optics 87Rb 30 14± 1.1 70 [251]
2 mm hole in retro-optics 7Li 30 13 0.3 [186]
-22 MHz, 100 μW, 1 mm 87Rb 36 14 7 [252]
-43 MHz, 70;78 mW/cm2 39,40K 35 - 6 [253]





PMG 23Na 25 ≤ 20 10 [255]
Magnetic lauch 23Na 40 7 2
6 PM 82Rb 45 20 20± 102 [77]
No MG 5± 2
6 PM 39,41K 50 33 30 [179]
No MG 10
Three 21 cm long PM 85Rb 50 20 39 [256]
Three 23 cm long PM3 85Rb 50 16 90± 15 [257]
PM only 27 50
No MG 16 15
0.5 mW, 2 ms 87Rb 70 20 50 [258]
+47 MHz, 3.2 mW, 20 ms 41K 48 40± 4.7 55± 9 [259]
75 40± 5
1 funnel 48 78± 14
2 funnels 75 78± 10
Three 33 cm long PM 21Na 51 11 40± 20 [68]
23Na 80
Six 30 cm long PM 87Rb 50 15 80 [260]
1 Estimated value, the reported transfer efﬁciency of 85% is incorrect, see page 164.
2 In earlier measurements with the setup with 85Rb a transfer efﬁciency of 75±15 was obtained [221].
3 Additionally a hexapole ﬁeld, generated by 6 wires carrying a current of up to 300 A, is used.
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Dipolar push-guide (C)
For the transfer with off-resonance light two possibilities exist, both provide a con-
servative guiding potential. The ﬁrst is to create an attractive potential, created by a
red detuned laser beam. The second option is to create a repulsive potential with a
hollow, blue detuned laser beam. However, there is a caveat in the transfer efﬁciency
reported for this technique, which we discuss in appendix C. In short, the total trans-
fer efﬁciency obtained with the dipolar push-guide type is lower than the transfer
efﬁciency, because the time between the atom being captured and being transferred
can be long compared to the lifetime of the MOT. Therefore, the atom can be lost
before it is transferred, for radioactive isotopes this loss has to be taken into account.
A difference between the achieved results for Rb and Cs on one hand and Na on
the other is that the optimal detuning of -1 GHz for Cs and Rb is to be compared
with the hyperﬁne splitting of the ground-state of of 6.8 and 9.2 GHz for Rb and Cs,
respectively, while for Na this is 1.7 GHz. Whether this transfer method is suited for
the transfer of Na isotopes mainly depends on the required laser power and detuning.
Probably only with an extra laser system it is a workable solution, which is less of a
problem when diode lasers are available like for Rb and Cs. However, for Na this is
an issue. Furthermore, with the other transfer methods transfer efﬁciencies close to
100% have been demonstrated, with this method maximally only an estimated 25%.
Optical Dipole Trap (D)
With an optical dipole trap (ODT), one can transport atoms by moving the focus of
the laser beam. However, the dipole trap is a conservative potential and for typical
parameters shallow (about 1 mK). Therefore this method requires very low temperat-
ure (and small) atomic clouds to be loaded efﬁciently and during the transfer heating
mechanisms have to minimized. Using an ODT at a wavelength of 1030 nm and 2.5 W
power, Feldbaum et al. [58] transferred 14% of the trapped radioactive 82Rb MOT
atoms into the ODT.
On resonance push (E)
For the on-resonance push beam method, the push beam accelerates the atoms but
does not provide a conﬁning potential. Also for the near-resonance push methods two
approaches can be used. Either the push has a relatively low intensity and pushes
continuously, or the transport uses a short, high intensity laser pulse to accelerate the
atoms.
We implemented the resonant transfer scheme to transfer the atoms in our experi-
ment. The model to ﬁnd the optimal settings for a resonant push beam and optionally
a funnel can be found in chapter 5 where also the experimental results are presented.
One of the main conclusions there is that to limit the transverse extent of the pushed
atomic cloud, it is advantageous to push the atoms with the highest velocity which
can still be recaptured by the receiving MOT (see section 5.3).
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A resonant push beam can also be combined with a magnetic guide. The ﬁrst
implementation by Myatt et al. [257] achieved a transfer efﬁciency of about 90%.
Myatt et al. simpliﬁed their transfer method which is described in [257]: instead of
using a combination of a hexapole ﬁeld generated by currents and permanent magnets,
they achieved a similar transfer efﬁciency (about 80%) using a 30 cm long permanent
magnetic guide to transfer the atoms over a distance of about 50 cm [260]. As they
used six magnets, arranged with alternating poles, instead of the previously used
conﬁguration with three magnets (with the same pole towards the transfer line), the
fringe ﬁeld decreased more rapidly: as 1/R5 rather than 1/R3. This allowed to bring
the magnetic guide made up of six magnets closer to the MOTs. During the transfer
absolutely no laser light should be present in the guide: a few photons will depolarize
the atomic sample, leading to loss.
Efﬁciency comparison
In table 2.9 we list an overview of experiments which use double atom trap transfer
methods of one of the ﬁve preceding types. The table is not complete, but gives an
indication what has been typically achieved for each transfer strategy. Note that in
several of the experiments, to enhance the transfer efﬁciency, the temperature of the
MOT cloud is reduced before the transfer. Due to the different techniques used, it
is nearly impossible to normalize the obtained transfer efﬁciencies to a particular
distance. A direct comparison is therefore hampered.
For the near-resonant push technique, in leading order the transfer efﬁciency is
inversely proportional to the square of the transfer distance and proportional to both
the push velocity and the mass of the atom (see in chapter 5 equation 5.9 and table
5.3). With this method a high push velocity and a high mass are thus favorable in
achieving a high transfer efﬁciency.
We conclude that the highest transfer efﬁciency using a push beam is obtained
with 41K. In that experiment also the highest push velocity of 40 m/s was used. Two
funnels doubled the transfer efﬁciency over a distance of 75 cm.
Looking forward to the results obtained in chapter 5 we can say that for a capture
velocity of the receiving MOT system of 25 m/s about 15% can be transferred with a
push beam only and with the aid of an optical funnel a transfer efﬁciency of 60% is
feasible.
The dipole trap method is attractive as spin polarization can be easily achieved in
such a trap. Transfer and polarization can then be combined. However, achieving a
50% loading efﬁciency is harder for Na than for heavier elements due to its hyperﬁne
structure, also achieving a fast and efﬁcient transfer is technically more challenging.
During the last stage of writing this thesis, we became aware of the double-MOT
transfer experiments performed at Berkeley for their 21Na experiment.The results,
showing a transfer efﬁciency of 80%, are only published in the thesis of M. Rowe [68].
The double MOT setup was used to suppress background from untrapped atoms. As
the capture efﬁciency of the Zeeman slowed atom beam into the MOT was increased
from 1% to 25%, the second MOT was not needed anymore [261].
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The advantage of the magnetic guide compared to the push beam with funnel
method is that the hardware is less complex and this method is very frugal with laser
light. The required capture velocity of the receiving MOT is relaxed as the atoms
can be transferred at a low speed of about 10-15 m/s. The magnetic guide will also
require less maintenance. A disadvantage is that the magnetic guide requires good
shielding from laser light, which pumps the atoms to an anti-trapped state, leading to
a decrease in transfer efﬁciency.
2.10 Summary of the efﬁciency of a double MOT system
The collection efﬁciency of a MOT system which loads from a vapor originating from
a neutralized ion beam, depends on three factors: the neutralization efﬁciency, the
single pass capture efﬁciency and the number of times the atoms pass through the
trap volume before they are lost. The neutralization of the ion beam can be best done
with a neutralizer foil. An efﬁciency of about 50% can be expected for a temperature
of 1200 K. The single pass trapping efﬁciency directly depends on the loading rate
of a MOT system. An analytical calculation which oversimpliﬁes the slowing process
showed that the commonly used loading rate overestimates the true loading rate with
a factor of 2. Using a 3D Monte Carlo simulation for a Na MOT, with a known capture
velocity, we could establish that the loading rate is overestimated with about a factor
of 3.
To calculate the capture velocity from the loading rate also the loss rate in a MOT
system due to collisions with the vapor needs to be known. Using a classical model
we found good agreement between the calculated loss rate and experimental data
obtained with a Rb MOT.
Having tested both loss and loading rate, we calculated the capture velocity for a
vapor cell MOT system trapping alkaline elements. We found that from all alkaline
isotopes Na has the lowest capture velocity. An explanation may be found in the details
of the hyperﬁne splittings in the excited state.
A non-stick coating reduces the sticking time of the particles on the wall and
therefore allows for multiple trap passages before the particles get deﬁnitely lost. An
extensive search in literature on efﬁcient trapping shows that the exact conditions
required to achieve a large number of bounces are unclear. We ﬁnd indications that
the non-stick coating might actually be covered with a layer of the alkaline of interest.
The quality and condition of the coating might be critical in the case of Na. A possible
diagnostic to determine the state of the coating can be provided by Light Induced
Atomic Desorption (LIAD).
To estimate the number of bounces and the number of passages the atoms make
through the laser trap volume we performed Monte Carlo simulations of the effusion
process. We ﬁnd good agreement of our calculations with experimental data for
different geometries from which the number of bounces could be extracted.
We conclude that to achieve an overall capture efﬁciency of 1% two ingredients
are crucial:
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• A non-stick coating which reduces the sticking time to a negligible timescale.
• A cell geometry in which the atoms pass on average the trap volume about 100
times before exiting.
We decided to implement the near-resonant transfer scheme, which has shown
high transfer efﬁciencies for other alkalines for the transfer from the capture to the
science MOT. For the on resonance push beam solution two ingredients are required
to achieve a 50% transfer efﬁciency:
• A resonant push beam, either continuous or pulsed.




In this chapter the experimental setup of the double Magneto-Optical Trap (MOT)
system for 21Na, which is coupled to an online production and separation facility,
is described. In ﬁgure 3.1 an overview of the setup is shown. A high-energy ion
beam collides with a gas target and the various particles are separated in the TRIμP
dual magnetic separator. The particles are then stopped in a stack of heated foils: the
Thermal Ionizer (TI). The ions are extracted from the TI and transported at low energy
through the Low Energy Ion Beam (LEBL) towards the collector MOT section. The
setup for the 21Na experiment consists of two MOT systems, separated by 69 cm. The
ﬁrst MOT setup consists of a glass cell and collects the neutralized ions. The trapped
atoms are then transferred to a second MOT setup where the decay measurement will
take place. To enhance the efﬁciency of the transfer process, optical access is provided
by six-way cross half-way the transfer line.
In section 3.1 we introduce the production of 21Na and the stopping of the high-
energy radioactive ion beam in the TI. The setup for the LEBL is described in section
3.2. In the collector cell setup the ions are neutralized, and after being evaporated,
trapped optically in a MOT. We introduce the four laser systems that have been used
for the trapping of radioactive 21Na and stable 23Na in section 3.3. The frequency
calibration of spectroscopy signals, used to lock lasers, is discussed in section 3.4.
The glass cell that was used for the collector MOT setup is described in section 3.5.
Section 3.6 contains the description of its successor, the cubic cell setup. In section
3.7 the push beam and the optical funnel which were used to transfer the atoms are
discussed. The MOT system, which is situated in the vacuum chamber in which the
correlation coefﬁcients will be measured, is treated in section 3.8. In section 3.9 a
brief description of the data-acquisition system is given.
3.1 Production, stopping and extraction of 21Na
The 21Na for our experiment is produced in the inverse d(20Ne,21Na)n reaction at an
energy of 22.3 MeV/u. The reaction products have velocities corresponding to the
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Figure 3.1: The top view of the experimental setup for the 21Na experiment.
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velocity of the primary beam. The D2 gas target at a LN2 temperature of 77 K and at
a pressure of 1.7 atm is separated from the beam-line vacuum with two 4 μm thick
Havar windows. The gas target is bombarded with about 1012 20Ne6+ particles/s from
the AGOR cyclotron, the total beam power is about 100 W. The reaction products and
the remaining primary beam are separated in the TRIμP magnetic separator [126].
Under these circumstances up to 3 · 106 21Na ions/s are produced that reach the end
of the separator section.
The high-energy 21Na ion beam has to be stopped and released as an atomic
beam to be able to trap 21Na in an atom trap. This stopping stage is implemented
by shooting the beam into a stack of typically ten 1.5 μm thick tungsten (W) foils,
which are housed in a W cavity, collectively referred to as the Thermal Ionizer (TI)
[129]. Heating of the cavity is done by electron bombardment (4-5 A at 200 V) from
surrounding tungsten ﬁlaments. At a temperature of about 2500 K the particles diffuse
out of the foils on the timescale of milliseconds. Collisions with the surface of the foils
and cavity walls can ionize these atoms according to the Langmuir-Saha equation
(equation 2.28). For W the work function is 4.55 eV and the ionization potential of Na
is 5.139 eV. At T = 2500 K about 3% of the particles are ionized. During this effusion
process the charge state of the particle can change in each collision with the surface.
If the particle is an ion in the extraction volume it will be pulled out, it is lost if it
diffuses out as an atom or decays.
The overall TI efﬁciency is about 50% at a temperature of 2800 K [129]. To increase
the lifetime of especially the foil stack of the TI we run typically at a temperature of
2500 K. We have an extraction rate of about 3 · 105 21Na/s from the TI (see section
4.2). This corresponds to a TI efﬁciency of 10%, as expected for this temperature
[129].
As the foils of the TI contain traces of several alkaline(-earth) elements off-line
studies can be done using a stable 23Na ion beam.
3.2 Low energy ion beam-line and neutralizer setup
After being extracted from the TI, the ion beam enters the Low Energy Beam Line
(LEBL). Figure 3.2 gives an overview of its various components. The ion beam passes
a Wien ﬁlter, consisting of a static magnetic ﬁeld and perpendicular to this a variable
electric ﬁeld. For a ﬁxed ion beam energy this gives a mass resolution of one in the
region of Na isotopes. After the Wien ﬁlter the ions enter a drift tube. By switching the
voltage on the tube between the beam extraction energy of -2.8 keV and the ground
potential, the rest of the setup can be kept at ground potential [69]. When the tube is
ﬁlled with ions, the voltage is switched to extract the ions. Therefore, the maximal
transportation efﬁciency of the drift tube is 50%. As the optimal switch frequency is
mass dependent, the drift tube also acts as a mass ﬁlter. In section 4.2 more details of
both the Wien ﬁlter and drift tube are given.
Using a quadrupole and several Einzel lenses and steering plates the ion beam
is guided onto a thin metal foil, mounted inside the glass cell of the Collector Cell
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Figure 3.2: Overview of the Low Energy Beam Line (LEBL) (two sections). The high energy ion
beam is stopped in the Thermal Ionizer. The glass cell of the collector MOT setup is connected to the
end of the lower. The ﬁgure is courtesy of L. Huisman.
(CC) MOT setup. This neutralizing foil is made of zirconium (Zr). The shape of the
foil is a square with sides of about 7 mm and is 25 μm thick. It is heated resistively
with a typical current of 6.3 A to a temperature of about 1100 K. The work function
of Zr is 4.05 eV and surface ionization is negligible. No values for diffusion of Na in
Zr have been reported, but the release fraction of a 37K ion beam implanted with 12
keV energy from different neutralizer materials, including Zr, has been studied by
Melconian et al. [197]. Based on their results and the diffusion of Na in other metals
the expected diffusion time scale is about 1 s at 1200 K [196], more details are in
section 4.4.
3.3 Laser-systems
Both 21Na and 23Na require cooling and repump laser light to trap atoms in a MOT.
21Na has the same level scheme structure as 23Na, only the laser frequencies are
slightly different (see ﬁgure 2.5). The wavelength is around 589 nm, for the same
red detunings the frequency difference between the pump and repump transition
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Figure 3.3: The vacuum chambers of the double MOT setup. The glass collector cell (CC MOT), the
funnel and the science chamber (SC).
is for 23Na 1712 MHz, for 21Na it is 1847 MHz. Here we will give typical operating
conditions for the three single mode lasers we used in our experiments. We also brieﬂy
describe the frequency comb, which we use to calibrate the laser frequencies and to
which we locked lasers.
Spectra Physics Dye laser
The ﬁrst laser system is a frequency stabilized ring dye laser (Spectra Physics Model
380D), with a stabilization system (Stabilock, Spectra Physics Model 388) ensuring
short-term stability of the laser by using feedback signals from two stabilized interfer-
ometers. This dye laser system is in a separate room outside the A-cell and is shared
with the MOTRIMS experiment of the Atomic Physics group at the KVI [262, 263].
The dye jet is pumped by 3.6 W of laser light at 532 nm. The dye circulator pumps the
Rhodamine 6G dye solution around with a pressure of 6 bar. About 350 mW of light at
589 nm is produced with a linewidth of about 1 MHz. For creating two sidebands with
a total power of about 20% of the laser power, a 1720 MHz resonant Electro-Optical
Modulator (EOM, New Focus model 4421) is used.
Via an optical launcher the laser light is coupled into a 100 m long single mode
ﬁber (460HP, Thorlabs). With a coupling and transport efﬁciency of 40% about 120
mW of laser light is available for the experiment in the A-cell. Optical feedback from
the ﬁber at high coupling efﬁciencies caused the laser to frequently mode-hop1. This
1This might be due to cavity like effects, or to stimulated Brillouin scattering (SBS), also observed by
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optical feedback is suppressed by an optical isolator. The isolator is from Altechna and
is coated for 589 nm, its TCG crystal has a 3 mm clear aperture, the damage threshold
of the crystal is 200 W/cm2. The isolator provides more than 38 dB isolation and a
95% transmission.
Coherent 699 Dye laser
The second laser system is a CR-699-21 Ring dye laser from Coherent, also operated
with Rhodamine 6G dye. It is primarily used by the radium atom experiment of the
TRIμP group [34]. A Verdi-V10 Nd:YAG laser pumps the dye jet with 4 W laser power
at 532 nm. Typically around 350 mW of 589 nm light is produced, the linewidth is
about 1 MHz.
First this laser system was situated in a laser laboratory about 70 m from the A-cell,
where the 21Na setup is located. About 100 mW of light was available in the A-cell,
using a ﬁber of about 100 m. Later the laser system was put in the A-cell and light
was brought directly to the setup through periscopes over a distance of about 6 m,
roughly doubling the available power at the setup.
Toptica Solid State laser
The third laser system is a high-power solid state laser from Toptica Photonics (DL-
RFA-SHG PRO), which is completely based on diode laser technology. It was installed
in the A-cell at the end of 2010. Its main advantages are a high output power and
better long term frequency and power stability. It also requires less maintenance time
compared to the dye laser systems. It consists of three subsystems that we discuss
here: a seed laser, an ampliﬁer and a frequency doubling stage.
The ﬁrst system is the master laser, which is a diode laser at 1178 nm (DL pro) with
typically 30 mW single mode output power. After coupling 60% into a single mode
ﬁber the light enters a Raman Fiber Ampliﬁer (RFA) stage. This second subsystem
ampliﬁes the seed light at 1178 nm light to 3.5 W. The pump light for the RFA is
provided by a 25 W ﬁber laser (MPB Ytterbium YFL-P), which itself is pumped by
1120 nm diode banks. The light from the ﬁber laser is transported via a ﬁxed ﬁber
connection to the RFA. From the RFA the ampliﬁed 1178 nm seed light is transported
by a ﬁxed ﬁber connection to the enclosure which contains the diode laser and also
the third subsystem, the frequency doubling stage (DL-SHG 110).
A module (Digilock 110) provides several ways to control and lock the laser
frequency of the laser diode via a computer interface. The coarse tuning range of the
laser is 588-590 nm. The mode hop free tuning range is at least 10 GHz and more than
2 W of 589 nm light can be produced. With the ﬁber laser producing 15.3 W of laser
power, after the RFA stage 3.5 W is coupled into the Second-Harmonic Generation
(SHG) stage, which produces 2.7 W at 589 nm (the linewidth is about 1 MHz). The
frequency stability of the laser is excellent, only the coupling of the seed laser light
Walker et al. for a K experiment. They observed the SBS effect for a 45 m long ﬁber with ∼ 200 mW [264].
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into the ﬁber needs some maintenance. As the laser can be controlled by computer, we
could also remotely control the laser during experiments with 21Na, when the laser
setup can not be accessed because of radiation safety reasons.
The laser light was brought, properly shielded, to the double MOT setup via
periscopes over a distance of about 6 m. The optical table on which the laser system
is situated is actively stabilized. With such a 6 m large arm, pointing effects were
clearly visible through moving fringes at the mm scale. The net drift required frequent
realignment of the beams at the MOT position. Therefore the stabilization mechanism
of the table was turned off. Although some more noise was noticeable in the signals
that are used to stabilize the laser, the laser operation and stability was not affected
by turning off the stabilization system of the table.
Menlo frequency comb
In the beginning of 2010 a femtosecond frequency comb (model FDC1500/075 from
Menlo Systems) was installed in the laser laboratory. It serves as a frequency reference
and also lasers can be locked to it. The accuracy of the frequency comb itself is
derived from a Rb atomic clock (FS725 Rubidium Frequency Standard clock, Stanford
Research Systems), which itself is synchronized to atomic clocks in GPS satellites via
timing events produced by a GPS receiver (Navteq). The frequency stabilization of the
frequency comb is better than 10−11.
The frequency comb was ﬁrst used to calibrate the spectroscopy signals that were
used to generate a locking signal for the laser. Later we locked lasers to the frequency
comb directly. A typical, stable operation was to offset lock the Toptica laser to the
frequency comb and offset lock one of the two dye lasers to the Toptica laser. With
an optimized frequency comb the whole system kept the frequency locks for several
hours. The reading of a wavelength meter (HighFinesse Ångstrom WS6 VIS) provided
double checking of the lock.
3.4 Absolute laser frequencies
For laser cooling and trapping of 21Na and 23Na the laser frequencies need to be
accurate in the order of 1 MHz on a scale of 5 · 108 MHz, i.e. a 2 · 10−9 stability. We
used three locking methods. Two of them are absolute references and the third is a
relative frequency lock. All methods require a few mW of laser light.
The ﬁrst locking scheme uses amplitude modulated (AM) saturation absorption
spectroscopy. This setup is situated next to the Spectra Physics Dye laser. A pump beam
and counterpropagating probe beam are crossed in a heated Na vapor cell. The pump
beam is modulated with a chopper wheel and the probe beam intensity is measured
with a photo diode (lock-in technique). This Lamb-dip spectroscopy signal does not
provide us with zero-crossings, therefore only locks can be made using a non-zero
lock point. As the height of such a spectroscopy signal depends on the laser power,
the frequency corresponding to this lock-point changes when the laser power changes.
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This leads to a changing laser detuning and the MOT will perform less efﬁciently
or eventually not at all anymore. Therefore we abolished this locking method and
replaced it with a more robust method, which we discuss next.
The second frequency stabilization method we use is robust against large power
changes. We designed it such that it provides a lock-point both for 21Na and 23Na
without realignment of the spectroscopy setup. This is desirable, as during a 21Na
beamtime, checks can be made with 23Na without altering the setup too much. The
method uses, like the previous one, Lamb-dip spectroscopy and was set up in the
A-cell. The difference with the AM setup is that here the pump laser beam is frequency
modulated (FM). The spectroscopy signal is the derivative of the signal of the AM
method [265]. Therefore the FM locking method is much more robust against changes
in the laser power than the AM spectroscopy method, as long as the intensities of the
pump and probe beams do not broaden the transitions signiﬁcantly.
The optical layout for the FM spectroscopy setup is shown in ﬁgure 3.4. If trapping
light for a 23Na MOT is required, the undiffracted order of the 80 MHz AOM is used. As
the difference between the repump frequency for a 21Na MOT and the pump frequency
for 23Na is 199 MHz (see ﬁgure 2.5), the necessary frequency shift for 21Na is achieved
by using a 100 MHz RF frequency for this AOM and double passing the -1 order. In
this way we can switch between laser trapping of 21Na and 23Na by opening one
aperture and closing another. The second 40 MHz AOM in double pass conﬁguration
modulates the pump beam for the saturation spectroscopy setup. The light of the
probe beam is detected with a split photo diode and the resulting signal is put into a
lock-in ampliﬁer.
We give here the values which are used for taking calibration data with this setup.
The 80 MHz AOM generated a 100.3 MHz sideband, the 40 MHz double pass AOM
was set at 42.0 MHz. The frequency modulation of the 40 MHz double pass AOM
setup was done at 21 kHz with a peak to peak modulation depth of 0.8 MHz. For
the lock-in ampliﬁer the integration time constant was 10 ms. The laser power in the
pump beam was 200 μW, for a 2.5 mm beam diameter. The two probe beams of each
20 μW had a 0.5 mm beam diameter. The intensities for the pump and probe beam
were thus about 1 and 0.5 times the saturation intensity of the transition, respectively,
some power broadening can thus be expected.
The third locking method is a frequency offset-lock by which the laser is locked
to another laser, which itself might be stabilized to an absolute frequency reference.
Two offset locks have been used. Either an offset lock was made between two single
mode lasers, or a laser was offset locked to the frequency comb. For the lock between
two single mode lasers a good steering signal is obtained when the beat note between
the lasers is between a few MHz and 2 GHz [266]. When the laser was locked to the
frequency comb typically a ﬁxed offset lock of 30 MHz was used, because of a ﬁxed
bandpass ﬁlter. Typically both offset locks were used simultaneously: an unlocked
offset lock is easily detected when a spectrum analyzer is used to keep an eye on the
beat note signal.



























Figure 3.4: The optical layout for the FM spectroscopy (lenses are not shown). PBS stands for
polarizing beam splitter, PD for photo diode.
FM spectroscopy calibration
First we discuss the frequency calibration of the FM spectroscopy signal, using the
frequency comb, the Toptica laser and the Spectra laser. We locked the Toptica laser
with a frequency νTopt to the frequency comb in such a way that νTopt was a few MHz
away from the 3s 2S1/2(F = 2) - 3p
2P3/2(F = 3) transition, enabling the calculation
of the absolute frequency. Secondly the light of the Spectra laser entered the FM
spectroscopy setup and the optical beat note with the Toptica was recorded. The
absolute frequency of the Toptica laser was
νTopt = m · frep + fCEO + fbeat . (3.1)
The repetition rate used was frep = 250,041,573.000 Hz, the carrier-envelope-offset
frequency was fCEO = 40,000,000 Hz and the beat of the comb with the locked laser
was fbeat = 25.4 MHz. For these settings the mode number of the comb line which
is closest the frequency of laser 1 is m = 2035054. Using these value in equation
3.1 yields that νTopt is detuned −5.5 MHz from the 3s 2S1/2(F = 2) - 3p 2P3/2(F = 3)
transition.
The absolute frequency of the second laser is
ν2 = νlaser1 + fLL . (3.2)
By scanning the frequency of the second laser with the laser light, FM saturated
absorption spectroscopy on a heated 23Na cell is performed. The spectroscopy section
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shifts the frequency νSpect effectively by 2νdp1 + νdp2 after passing two double pass
AOM setups (see ﬁgure 3.4). For the 80 MHz AOM νdp1 is the used frequency, νdp2 the
frequency used for the 40 MHz AOM. The beat note between the two lasers νLL is
counted and with the constant δ = −5.5 MHz detuning we rewrite the frequency of
the scanning laser frequency relative to the 3s 2S1/2(F = 2) - 3p
2P3/2(F = 3) transition
(denoted as δ23) to
δ23 = νLL − 2νdp1 − νdp2 − Nνrep +δ . (3.3)
To improve the signal to noise ratio of the beat note we moved the ﬁrst laser frequency
N = 5 comb teeth away from the transition to bring the beat note between the two
lasers out of the low frequency range to the GHz range where the signal to noise ratio
was better.
In ﬁgure 3.5 the result of a single frequency scan of the Spectra laser is shown. The
frequency on the horizontal axis is calculated using equation 3.3. The zero crossing in
ﬁgure 3.5 appears at 5 MHz, close to 0 MHz where it can be expected. The spectrum in
ﬁgure 3.5 contains several cross-overs (features appearing in Lamb-dip spectroscopy
[267]) of the transitions. The ﬁrst cross-over next to the 3s 2S1/2(F = 2) - 3p
2P3/2(F
= 3) transition is strong and might effectively move the zero crossing in which we are
interested in, to the higher frequencies. It might also be that some systematic effects
shifts the zero crossing to higher frequency.
AM spectra calibration
For some of the data we only used the AM method to lock the lasers. Here we
calibrate the spectroscopy signal with the frequency comb. This allows us to determine
afterwards the laser detunings by looking up at which fraction of the height of the
spectroscopy signal the laser was locked to. In ﬁgure 3.6 the spectrum is shown, the
middle dip is a crossover resonance, a feature arising from the Lamb-dip spectroscopy
method. The frequency is derived by locking one laser to the frequency comb and
recording the beat note between the second laser and the locked laser. We ﬁt the sum
of the transitions and crossover with Lorentzian lineshapes on a constant background
to have an estimate of the effective center and width, this is accurate enough for our
purposes.
In ﬁgure 3.6, in the left inset, the spectrum which includes the transition which is
used to cool the atom is shown. The derivative is maximally about 5 MHz per 10% of
the peak fraction. At the right side of the peak the pump transition is at 30% of the
maximal value, locking at 60% of the maximum results in a detuning of -18(1) MHz.
In ﬁgure 3.6 in the right inset the spectrum including the transition which is used
to bring the atom back into the cooling cycle is shown. At the right side of the peak at
80% of the maximal value is the repump transition. At 75% of the maximum of the
left side corresponds to a detuning of -34 MHz, the F=1 to F’=1 transition.
To have an estimate of the precision of the detunings of both lasers we set the
frequency offset lock between the lasers at 1712 MHz. For this value the detuning
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Figure 3.5: The FM saturation absorption spectroscopy signal. The frequency axis is derived from
the frequency comb. Each data point represents 10 ms of data.
of both the pump and repump laser are identical and by changing the lock point of
the repump laser the 3s 2S1/2(F = 1) - 3p
2P3/2(F = 2) transition is exactly where the
MOT cloud appears, starting from a blue detuning. See section 3.4 for the relation
between the lock position (fraction of maximum) and the detunings of lasers. So we
start to lock to the repump spectroscopy resonance (in ﬁgure 3.6 the right peak) far
on the right side. At a fraction of 73% the MOT cloud appears. This corresponds to a
detuning of both lasers of 2 MHz. We conclude therefore that the error for the AM
frequency calibration is of about 2 MHz.
3.5 Six way cross cell Magneto-Optical Trap
The glass cell in a six-way cross design was made by Precision Glassblowing of
Colorado, Technical Glass Division, Centennial USA. A photo of the cell can be seen
in ﬁgure 3.7. The design is similar to the glass cell used in a predecessor cell [196],
the difference is that the viewports are made by AR coated glass, to reduce stray
light. Furthermore the tube connecting to the LEBL is made longer compared to its
predecessor. This reduces the loss rate through this exit port.
The magnetic ﬁeld gradient for the MOT is provided by a standard anti-Helmholtz
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Figure 3.6: The frequency range which includes the F = 2→ F ′ = 3 cooling (left inset) and repump
(right inset) transition of 23Na. Both peaks consists of several transitions and their cross-overs, the
ﬁt with a single Lorentzian is used to provide a coarse frequency calibration. The center ﬁt result is
-34 (-16) MHz and has a FWHM of 45 (62) MHz for the left and right inset, respectively.
conﬁguration of two coils. The magnetic ﬁeld gradient is 26 Gauss/cm for a current
of 4.0 A.
The ﬂuorescence light from the MOT cloud is collected by a 1 inch lens 6 cm away
on top of the glass cell (see ﬁgure 3.7). The solid angle of this detection system is
determined by an adjustable aperture just in front of the lens. Typically the aperture
is set to a diameter of 6 mm and 2.5 of the solid angle of 4π is used. Similarly to
ﬁgure 3.12, by focusing the MOT image onto a pinhole, spatial ﬁltering is performed.
After spatial ﬁltering and a narrow band ﬁlter for yellow light (50% transmission) and
a 50/50 beam splitter, the light is sent collimated onto a photo multiplier tube (PMT)
(Hamamatsu R7449). The other 50% of the light is used for a camera.
The PMT has an active area of 25 mm diameter and the 11 stages are operated at 1
kV. When the number of photons entering the PMT becomes too large, the acceleration
voltage might drop because of the currents ﬂowing through the resistor chain of the
PMT base, this sets a maximum for the detectable photon ﬂux of about 30 · 106 /s.
The dead time of our data acquisition system for these rates is still negligible.
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Figure 3.7: The cross glass cell seen from the top. The LEBL is connected to the right ﬂange, on the
left is the neutralizer foil mounted. The lower ﬂange is connected to the second MOT chamber, the
viewport through which the push beam is aligned on the MOT cloud can be seen opposite to it.
The efﬁciency of this ﬁlter-splitter-PMT combination was measured with laser light.
The PMT count rate is limited to about 30 MHz, this corresponds to a power of about
10−11 W for photons with a wavelength of 589 nm. Therefore, the intensity had to be
strongly reduced. Three attenuation stages were individually calibrated with a power
meter and then used combined. The resulting 26 pW (7.8 · 107 photons/s) entering
the ﬁlter-splitter-PMT system gave a count rate of 6.4 · 105 counts/s. The quantum
efﬁciency of the PMT is thus about 3.3%. This value for the quantum efﬁciency is
consistent with the speciﬁcations of the PMT [268].
The gain, measured by integrating the current due to a single photon, was meas-
ured to be about 2 ·106, which is also the speciﬁed value for the PMT. The threshold of
−5.8 mV, as we use, is also clearly below the single photon peak height of about -10 mV.
Summarizing, the measured threshold, gain, and quantum efﬁciency are consistent
with the speciﬁcations of the PMT.
Throughout this thesis, the detection efﬁciency of the PMT varies as the tube
voltage for the PMT tube has not always been the full value. The measured quantum
efﬁciency was obtained with the maximal voltage, at a voltage of 94% of the maximal
value of the acceleration voltage the yellow light related count rate was a factor of
2.6 lower. At a value of 91%, the difference was a factor of 5.7.
In all, a typical detection efﬁciency of the MOT ﬂuorescence of 10−5 was used.



































Figure 3.8: The optical layout of the double MOT system with the push beam for the cross cell
setup. The cubic cell setup has instead of a single beam expander, one expander per axis.
3.6 Cubic cell Magneto-Optical Trap
The cubic cell design is shown in ﬁgure 3.9, it was installed in October 2010. This high-
quality cubic cell has an inner diameter of 56 mm and an outer diameter of 63 mm. It
was made by Precision Glassblowing of Colorado, Technical Glass Division, Centennial
USA. The triangular shaped corner windows have a ﬂat surface of about 10-20 mm
and can be used for detecting the ﬂuorescence of the cloud of atoms trapped in the
MOT and to apply a push beam on the MOT cloud. The glass tube which connects
the cell to the LEBL has a length of 110 mm from the corner to the metal of the
CF 16 ﬂange on the end of the tube. The length of the tube which connects to the
science chamber is 55 mm. The length of the glass tube on which the neutralizer is
mounted is 30 mm. We only are interested in the length over which it is glass, as the
non-stick coating only works on glass and not on metal. The circumference of the
tubes is midway about 43 mm, the estimated thickness is 1.5 mm, giving an estimated
inner diameter of 10.6 mm.
We performed Monte Carlo simulations, as described in section 2.8, for the cube
with two tubes connected to it. We did not include the third tube as the neutralizer
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Figure 3.9: The cubic cell in which the neutralized ions are trapped by the Collector Cell MOT.
The ions enter through the long, left tube, the neutralizer is mounted on the opposite tube and the
atoms are transported to the Science Chamber setup through the third tube.
foil largely covers the exit area. For estimating the number of trap passages four
parameters are relevant. The ﬁrst parameter is the number of bounces in the cube
before the atom exits through one of the two tubes. The second parameter is the
average number of times the atom returns into the cube after having entered one of
these exits. The third parameter is the fraction of time the atom spends inside a sphere
with a certain, ﬁxed radius representing the laser trap volume2. The fourth parameter
is the fraction of the bounces inside the cube that results in a passage through this
volume. The third and fourth are related and indicate whether the particles which
enter the trap volume spend most time near the surface of the trap volume (short
paths) or passes more often the center of the sphere (long paths).
The angular distribution for the particle emission pattern when the particles are
emitted from a surface has to be chosen in the Monte Carlo simulation. We use in the
simulation the isotropic distribution, but for completeness we also mention the results
based on the usual cosine distribution. See appendix B for more details on the Monte
Carlo simulation and the argument to use an isotropic distribution. In the cubic cell
with an inner side of 56 mm a particle bounces 67 times on average before it enters
one of the tubes. For the tube length of 110 mm (LEBL connection) the probability to
2The volume of the three intersecting laser beams can be well approximated by a sphere.
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Figure 3.10: Monte-Carlo results for cosine distribution (squares) and isotropic emission (dots)
for the fraction of the time that is spent inside a sphere in a cubic cell. The curve is the fraction of
the volumes.
exit, when entering the tube, is about 10%. For the tube leading to the SC setup this
probability is 17%. Therefore on average the particle bounces 500 times in the cube
before it is permanently lost. With a cosine distribution the numbers are 9%, 16% and
830 bounces. The loss through the exit area around the neutralizer foil we assume to
be negligible. We can estimate the allowable exit area by calculating the ratio of the
exit surface to the total surface. The cube has an inner surface area of in total 216000
mm2. For 500 bounces therefore an exit area of about 40 mm2 would result in a loss
rate twice as high: 250 bounces. This latter area is the area of a ring with a diameter
of 7 mm by 2 mm. The size of this area is subject to a trade-off, as the non-sticking
coating will be damaged sooner the closer the heating foil comes to the glass wall.
For a sphere diameter of 45 mm about 20% of the time the atoms are inside the
sphere for the isotropic case (see ﬁgure 3.10). The fraction of all bounces that the
atoms enters the sphere is about 20% for the isotropic distribution. For the cosine
distribution this value is slightly higher.
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Table 3.1: The estimated collection efﬁciency for the cubic cell setup.
Capture velocity of 27 m/s, 293 K vapor 1.5 · 10−4
Trap passage 20%
Collection efﬁciency for 500 bounces 1.5%





























Figure 3.11: The calculated magnetic ﬁeld gradient in the axial direction ( dB
dz
, dashed line) and in




, solid line) for a current of 6 A. For comparison the latter values
are multiplied by -2. The center of the trap is at 0 cm.
Quadrupole magnetic ﬁeld
The magnetic quadrupole ﬁeld for the cubic glass cell of the CC MOT setup is generated
by a standard anti-Helmholtz conﬁguration of two coils. The calculated magnetic
quadrupole ﬁeld gradient is shown in ﬁgure 3.11. The coil holders were made of
aluminum, cooling was provided by water ﬂowing through a copper wire with a hollow
cubic proﬁle which was ﬁxed to the coil holder. For a current of 6 A the dissipation
power per coil is 43 W. We measured a magnetic ﬁeld gradient of 39 Gauss/cm at the
center for a current of 6.0 A. This is in good agreement with the design value of 38
Gauss/cm at this position, see ﬁgure 3.11. Typically we used a current of 4.0 A, this
gives a magnetic ﬁeld gradient of 25 Gauss/cm in the strong axis. We also include a
pair of correction coils, each with 92 windings. These give a measured magnetic ﬁeld
of 6.4 Gauss/A, in agreement with the design value of 6.3 Gauss/A.






Figure 3.12: The MOT ﬂuorescence detection scheme for the cubic cell setup.
Optical layout
The optical layout is similar to the layout used with the cross cell setup, see ﬁgure
3.8. All three beams have the same distance from the ﬁrst beam splitter (122 cm), to
have equally large expanded beams. The beam expanders (20x, BE20M-A, maximal
input 1/e2 beam diameter is 2.25 mm, 350-650 nm AR coating range, Thorlabs) with
a maximal output diameter of 45 mm are mounted on aluminum holders. On these
holders also the quarter wave plates (zero-order waveplates, 45 mm clear aperture,
VM-TIM, Jena) are mounted.
For LIAD applications a 350 mW 385± 5 nm light emitting diode is available
(Nichia, [269]). A TTL signal controls the optical output, the rise and fall time of the
diode are less than 1.5 μs for a current of 0.4 A.
Fluorescence detection system
The layout of the detection system is shown in ﬁgure 3.12. The MOT cloud has a size
of about a mm. To improve the signal to noise ratio spatially ﬁltering is performed
before the light can enter a photon detector. The ﬁrst aperture determines the solid
angle, then two lenses focus the light onto a second aperture which does the spatial
ﬁltering. A third lens collimates the beam again. To suppress the detection of photons
due to stray light and black body radiation from the hot neutralizer foil we use a
25 mm diameter optical ﬁlter of 5 mm thick with a center wavelength of 589 nm
(bandwidth 15 nm) with 93% transmission (FF01-589/15-25, Semrock Inc.). The
photon detection is done with a Hamamatsu R7449 Photo Multiplier Tube (PMT), for
which we measured a quantum efﬁciency of about 3%, consistent with its speciﬁcations,
cf. section 3.5.
To improve the collection efﬁciency the glass walls should be coated with a non-
stick, transparent ﬁlm. This layer of coating prevents chemical bonding (chemisorp-
tion) to the surface and reduces the sticking time due to adsorption from a ms time
scale to a μs time scale (see table 2.6). The coating only works on a glass surface,
not on metal. We tried two types of coating chemicals, SC-77 (Fluorochem Ltd) and
PDMS (Xiameter, viscosity of 100 000 centistokes). To create a thin layer, the glass
surface has to be very clean [264, 270, 271]. The layer should be at least so thin that
a clear interference pattern should be observable. For the SC-77 coating we followed
the procedure as it was developed at Stony Brook [272]. For PDMS only a prepared
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Figure 3.13: The funnel (ﬁrst six-way cross from the cubic cell). The quadrupole magnetic ﬁeld
gradient for the 2D MOT system is created by a single wire in hair pin conﬁguration (not shown).
Also not shown are two pairs of compensation coils in Helmholtz conﬁguration.
surface is necessary [233]. In contrast to the SC-77 coating chemicals, for PDMS no
chemical reactions are involved.
Behind the neutralizer foil a Rb dispenser (SAES, Italy) is mounted. According to
Atutov et al. [233] and others the Rb vapor can be used to cure/passivate/ripen the
non-stick coating and therefore increase the number of bounces. Atutov used Na to
cure their PDMS coating to trap Rb more efﬁciently and observed an increase with
three orders of magnitude in the number of bounces. Whether such curing is necessary
to get a high number of bounces and whether Rb can also be used to enhance the
number of bounces for the trapping of Na is not clear yet. Also the nature of this
repairing mechanism has not been identiﬁed yet.
3.7 Optical transfer
We describe here the hardware used for the push beam and optical funnel. For further
details see section 5.1.
The push beam is created from the ﬁrst order diffracted beam of a 40 MHz AOM
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and has typically a diameter of 2 mm. The push beam enters the cell through the
window opposite to the transfer tube shown in ﬁgure 3.13.
The funnel is created using the ﬁrst six-way cross after the collector cell (ﬁgure
3.13). The setup for the laser beams is shown in ﬁgure 3.4. The beams are made with
a beam expander (Thorlabs BE20M-A), the 2D MOT beams are created with a single
beam conﬁguration: after passing the center twice the beam is reﬂected back onto
itself. To create circular polarized light four quarter-wave plates (zero order 589, 40
mm clear aperture, Altechna) are mounted on aluminum mounts. The magnetic ﬁeld
gradient for the funnel is created by four wires in a single wire hair pin conﬁguration.










with a the separation between the wires with current I and μ0 = 4π · 10−3 Gauss
m/A. For a = 5.5 cm and I = 500 A the magnetic ﬁeld gradient is 26 Gauss/cm at the
center (r = 0).
When the funnel section is optimized, the quadrupole ﬁeld can be generated using
two sets of permanent magnets, simplifying the setup. Tiecke et al. [185] generates
such a ﬁeld for a 2D MOT with two sets of magnets, each set consisting of two stacks
of three 25×10×3 mm neodymium magnet bars separated by 12 mm to make an
effective dipole bar of 62 mm total length. Each set has had measured magnetization
of 8.8(1) · 105 A/m, equivalent to a magnetic ﬁeld of 1.1 T. For a separation of 84 mm
such a conﬁguration generates a magnetic ﬁeld gradient of 50 Gauss/cm [273].
3.8 Science Chamber MOT system
The chamber which contains the second MOT system is called the Science Chamber
(SC) and its detailed description can be found in [69], here we summarize its key
features. Three of the six 200 CF ﬂanges were originally to be used for mounting
β detector systems. In this phase of the experiment we use it to transfer the atoms
through. For alignment purposes on the opposite side a viewport is mounted.
To create the MOT trapping beams four 63 CF viewports are used in the horizontal
plane. The vertical beam for the MOT is created by a mirror with a 1 inch diameter
which is mounted in the vacuum under 45◦, which reﬂects the laser beam in the
vertical direction. The magnetic ﬁeld gradient is provided by an anti-Helmholtz pair
of 16 hollow copper wires cooled with water, generating at the center a ﬁeld gradient
of 20 Gauss/cm in the axial direction for a current of 300 A. To compensate residual
magnetic ﬁelds and the effect due to the presence of the optical table three pairs of
compensation coils in Helmholtz conﬁguration are used.
MOT cloud ﬂuorescence light is collected by a 2 inch lens behind a 40 CF viewport
with 34 mm visible diameter, 270 mm away from the MOT center. By focusing on
an aperture the image is spatially ﬁltered and then after collimation sent on a photo
multiplier tube (PMT, Hamamatsu R7449). The solid angle of the light collection is
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1.2 · 10−2 sr and the PMT efﬁciency is 3% at 589 nm (cf. section 3.5). The loss in the
lenses is negligible. The overall photon collection efﬁciency is therefore 3 · 10−5. For a
typical scattering rate of 6 · 106 photons/s/atom results the count rate would be 180
counts/s/atom.
3.9 Data-acquisition
The core of the DAQ system is formed by VME based computer boards which are
connected to the local area network. A versatile software framework by the name
of CADDIE (Control and Distributed Data-acquisition Integrated Environment) runs
on the VME computer. It takes care of the initialization and the conﬁguration of the
various VME cards and reads out the data of these VME modules [274]. The CADDIE
software is developed to allow for maximal ﬂexibility. It has been made by F. Zwarts
of the IT department of KVI.
On standard PC’s, another software framework called Bogey can connect over
the network to the CADDIE software. Bogey can unpack the data from the module
and interpret it in real time. Bogey is mainly developed by G. Onderwater from the
TRIμP group. The voltages of the LEBL can be controlled via MEN M-Modules. The
multidimensional optimization of the LEBL has been performed using this interface.
Bogey is written in C++ and is embedded in the open source ROOT framework,
which is developed at CERN. Therefore Bogey is able to use the very rich plotting,
ﬁtting and data manipulating features offered by ROOT [275]. The Bogey software is
also used to do the off-line data analysis, the input data stream is then coming from a
ﬁle buffer instead of a network buffer.

CHAPTER4
Towards an efﬁcient Magneto-Optical
Trap for 21Na
4.1 Introduction
The efﬁcient collection of radioactive atoms after online production is the crucial step
in a competitive measurement of the correlations between the 21Na nuclear decay
products [126, 276]. Since 2008 the TRIμP production, separation and slowing facility
at the KVI offers a wide range of low-energy, radioactive ion beams including 21Na
for experiments which test physics beyond the Standard Model [128, 129, 277, 278].
The goal of this chapter is to determine the efﬁciencies and limiting factors of the
conversion of the low-energy ion beam into a neutral atomic vapor using a heated
catcher foil and the subsequent trapping of the Na atoms in a Magneto-Optical Trap
(MOT) [27].
The relevant processes for the measurements discussed in this chapter are shown
in ﬁgure 4.1. After extracting the ions from the Thermal Ionizer (TI), which is the last
device of the TRIμP facility, the ions are transported through the Low Energy Beam
Line (LEBL) towards the collector chamber (CC) setup. The ions are collected on a
neutralizer foil which is in essence an atomic oven. By heating the foil to about 1000
K the atoms are released.
If the velocity of a released atom is below the capture velocity of the MOT it will
be trapped. Under typical conditions capture can happen for only 1 atom out of 105.
Most of the atoms collide with the glass cell wall. A non-sticking coating can be used
to prevent permanent sticking. When released from the wall the atoms have another
chance to be captured. Due to thermalization with the wall at room temperature the
trapping probability increases with about an order of magnitude. In our setup, up
to 1000 bounces are possible until the atoms are lost through one of the exit ports
of the cell. Taking into account the number of trap passages (which is a fraction of
the number of bounces) and assuming a neutralizer release efﬁciency of 50%, the
maximum collection efﬁciency that can be reached is about 1%.
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Figure 4.1: The schematic overview of the neutralization and laser trapping setup. The goal is to
efﬁciently trap neutralized ions from the Thermal Ionizer in the CC MOT.
Current rare-isotope facilities using an accelerator have low-energy particle pro-
duction rates in the range of 106 [78] to 108 particles/s [120, 125]. Including the
extraction and transport losses for our experiment and the present beam current limit
due to the target window, 105 21Na ions/s enter the CC (the maximal yield is projected
to be 5 · 107/s). Under the current conditions the expected number of continuously
trapped atoms is thus of order 103 for a MOT lifetime of 1 second. The number of
continuously trapped atoms depends also on the number of bounces of the atom in
the trapping cell, only part would be trapped when no bounces occur.
For characterization and optimization purposes we use a stable 23Na ion beam
from the TI which provides an ion ﬂux of up to 109 ions/s. However, we have to
take into account the history of the beam and have to discriminate between the last
deposited 23Na ions and 23Na already present in the foil or originating from previous
deposits. As the 21Na trapping signal is small the residual presence of 23Na has to be
considered.
Two different CC setups have been used for the collector stage. We call the setup
which was used up to the end of 2010 the cross cell setup. Its successor, which allows
for larger laser beams, is called the cubic cell setup. The most important and reliable
measurements have been done with the latter setup. We discuss the ion transport
efﬁciency in section 4.2 for both setups. The results of the characterization and calibra-
tion of these MOT systems is in section 4.3. We establish in section 4.4 the neutralizer
efﬁciency using the cubic setup. In section 4.5 we study time dependent background
signals we observed for 23Na. In section 4.6 we summarize all measurements obtained
and establish the overall efﬁciency of the setup. In section 4.7 we compare the ob-
tained overall efﬁciency with other experiments where radioactive atoms are trapped
with a MOT. We draw conclusions, identify limiting factors and give an outlook.
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4.2 Ion transport efﬁciency
The LEBL has two isotope dependent parts: the Wien ﬁlter and the drift tube. See
ﬁgure 3.2 for an overview of the various elements in the LEBL. The Wien ﬁlter consists
of a crossed variable electric and ﬁxed magnetic ﬁeld. The force on an ion with kinetic
energy K is F = q(E+ vB), which results in a deﬂection of the ion beam with an angle






)) for a Wien ﬁlter of length d. The electric ﬁeld is tuned
such that θ = 0 for the particles of interest. The relative change in the electric ﬁeld
from 21Na to 23Na is thus 4%. The mass dispersion of the Wien ﬁlter is 4.2%/mm at
2 keV at the MCP focus [69] (the MCP is situated on position E3, see ﬁgure 3.2). This
is insufﬁcient for our use. Indeed, the ﬁlter was designed to be used with the Radio
Frequency Quadrupole (RFQ) cooling and buncher [195] which has a much smaller
entrance aperture than the drift tube. Therefore contaminations can be expected to
be present, both for 21Na and 23Na.
The transmission of the l = 1 m long drift tube is mass dependent as well. The






The transmission decreases linearly with a higher or lower frequency. For a beam
energy of 2.8 keV the expected optimal frequency for 23Na is 76.6 kHz. Experimentally
however, 68 kHz is found to be optimal, which implies a duty cycle of 44% at this
energy.
The ion transport efﬁciency is the ratio of the ion implantation rate into the





A measurement of this ratio is non-trivial as explained below. Our strategy is to
determine the ion transport efﬁciency in two different ways, providing a consistency
check. For the stable isotopes we measure the electrical current at two positions in
the Low Energy Beam Line (LEBL). For 21Na we measure the transport efﬁciency by
detecting the 511 keV photons originating from the annihilation of the β+ particle.
Transport of 23Na
The hot materials of the Thermal Ionizer (TI) contain trace elements, among which is
23Na. We assume that the ion beam produced from these trace elements has identical
properties to that produced from the radioactive particles stopped in the TI foils. We
measure the current after the drift tube, using the microchannel plate as a Faraday
cup. The second position that we have used is the neutralizer foil.
We have measured the transport efﬁciency for four mass groups as listed in table
4.1 by observing the image of the focused ion beam on a phosphorescent plate after
the drift tube (position E3 in ﬁgure 3.2). It was checked that the transport efﬁciency of
the drift tube scales linearly with the drift tube frequency. The H2O
+ setting is close to
the 23Na setting, which might affect the efﬁciency measurement for 23Na, leading to
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Table 4.1: The transport efﬁciency of the LEBL for stable isotopes. At the 21Na setting also stable
ions are coming onto the neutralizer (about 20 pA).
Cell Isotope setting LEBL
of the Wien ﬁlter efﬁciency (%)
Cross H2O
+ 32(4)





an apparent lower efﬁciency. The observed dependence of the transport efﬁciency on
mass may indicate a residual velocity dependence. We estimate the overall systematic
error due to the secondary electron yield and possible beam contamination to be 10%.
After installation of the cubic cell the 23Na beam parameters were checked by
maximizing the optical signal of the MOT. This eliminates contributions other than
23Na. All relevant voltages of the LEBL are controlled by computer, allowing for this
multidimensional scan to be performed in a few hours. The optimal LEBL settings
found for 23Na using this procedure are the same as found by optimizing on the current.
From these values the LEBL setting for 21Na is calculated and used as a starting point
for further optimization. Measuring the transmission at the 21Na settings shows that a
clean beam of 21Na is not possible with the current setup (see table 4.1). The transport
efﬁciency into the cross setup was measured to be 26(3)% and into the cubic setup
32(4)% (see table). The most probable reason for the difference between these two
cells is that for the cubic cell we aligned the neutralizer foil optically in line with the
LEBL, for the cross setup we found that only 2/3 of the neutralizer foil was visible by
eye from the TI extraction point.
Transport of 21Na
The determination of the transport efﬁciency using 21Na requires knowledge of the
efﬁciency of the detectors used to measure the 511 keV photons from the β+ annihila-
tion. In table 4.2 their calibration with a 22Na source and typical numbers from a 21Na
beam time are reported. It is important to note the difference between the calibration
source 22Na and 21Na. The annihilation detection efﬁciency is different because the
range of the β+ particles from 21Na is much larger than the range of the β+ particles
from the decay of 22Na (where the β+ annihilates inside the source). For this reason
we apply a reduction of 50% to the detection efﬁciency when 21Na hits a thick stopper,
i.e. only the β+ particles moving into the stopper contribute. The neutralizer foil is
not thick enough to stop the β+ particles, therefore we measure here in singles mode,
avoiding a strong dependence on position. For the efﬁciency of the pair detection at
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Table 4.2: Decay detection efﬁciency for a calibrated 22Na source and typical 21Na beam time
conditions.
Isotope
Decay properties 22Na 21Na
Mean β+ energy (MeV) 0.2 1.1
Range in pyrex (mm) 0.35 6.5
Thermal Ionizer extraction
β+ coincidence detection efﬁciency 3 · 10−3 1.5 · 10−3
21Na current ITI (/s) - 3 · 105
Collector chamber
β+ detection efﬁciency in singles mode 1.3 · 10−2





the position after the TI, the source was put at the cup position where also the 23Na
current was measured.
Putting the source inside the CC is not practical, so we average the efﬁciency from
two positions. The source is ﬁrst put close to the neutralizer and then on the other
side at the entrance to the cell about 10 cm further away. The difference by a factor of
3 is taken as the uncertainty on the ﬁnal value.
In ﬁgure 4.2 the 511 keV photon count rate in the cubic glass cell is shown, as
function of the Wien ﬁlter setting. This establishes the dispersion at the glass cell.
The line in the ﬁgure is a ﬁt of a Gaussian function, it gives a mean of 565 V, with a
width σ = 18 V. The value for the mean is the voltage predicted from the scaling of
the optimal transmission of other isotopes and the optimized settings for the LEBL
obtained by maximizing 23Na ﬂuorescence signal from the MOT related to the ion
beam. The Wien ﬁlter setting of 23Na, expected and found at 540 V predicts then a
23Na contamination of about 36% for the 21Na setting.
Summarizing this section, we have used various methods to estimate the efﬁciency
of the transport from the Thermal Ionizer to the glass cell. We ﬁnd a value of 30(3)%
for the cross setup and 35(4)% for the cubic setup using 23Na. In standard conditions
the yield of 21Na is 5 · 104 ions/s in the glass cell for the cubic setup. With 21Na we
ﬁnd a transport efﬁciency of 20(10)% for the cubic setup.
During the writing of this thesis, it was found from off-line measurements that
the transmission efﬁciency for Ba could be substantially increased (close to 100%) by
increasing the trapping frequency of the RFQ, the reason being the details of the end
trap of the RFQ [279]. It might be worthwhile to check for 21Na if this variable has
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Figure 4.2: The 511 keV count rate from 21Na decays in the glass cell walls (3.5 mm thickness)
measured by a NaI detector as function of the Wien ﬁlter voltage. The line is a ﬁt of a Gaussian
function.
been correctly optimized in the ﬁrst test with 21Na. The transport efﬁciency of 35% for
Na might then be brought close to 100% and would also result in less contamination
in the ion beam. Using the RFQ instead of the drift tube thus might result in a factor
3 higher ion transport efﬁciency. Note that, although the RFQ has previously been
used with Na, it was omitted as making the system unnecessarily complex. If the RFQ
could only achieve a total transmission of 40% [69], similar to the drift tube, the latter
should be preferred.
4.3 Magneto-Optical Trap parameters
We have studied a number of Magneto-Optical Trap (MOT) parameters by loading the
MOT using a beam of stable sodium ions. The timing scheme for these experiments
is shown in ﬁgure 4.3a. Shown is a macro cycle, which is built up from a number of
cycles of each 10 - 40 s long. Only during the ﬁrst cycle the 23Na ion beam is present.
At the beginning of each cycle the neutralizer foil is heated for 2.5 - 3 s. In ﬁgure
4.3b the 23Na MOT ﬂuorescence is shown as function of time for a 23Na ion beam. We
observe a small MOT ﬂuorescence signal when no ion beam is injected. Although we
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Figure 4.3: The timing scheme for the collector chamber setup (a). A typical observation of an ion
beam related MOT signal for a single macro cycle, consisting of four cycles (b). The ﬂuorescence
rate has been converted to the number of trapped atoms (see text). An increase in the number of
trapped 23Na atoms after the deposition of the ions in cycle 1 is clearly visible in cycle 2. By taking
the difference between cycle 2 and cycle 4 the increase in the number of trapped atoms due to the
release of neutralized ions can be obtained.
can study the overall efﬁciency using the stable 23Na ion beam, we therefore must
take into account the 23Na already present in such studies.
Note also the ‘cold’ neutralizer effect: At t = 20 s of the ion beam period (cycle 1)
the MOT signal ends up higher than at the same time within the cycle when the ion
beam extraction is off (cycle 2 (t = 40 s), 3 and 4). We will study this effect in section
4.5. The difference of the signal between the cycle 2 and cycle 4 is shown in ﬁgure
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Figure 4.4: The difference in the 23Na MOT population for the cycle 2 - cycle 4 combination (see
for the timing scheme ﬁgure 4.3a). This is a different dataset than used in ﬁgure 4.3b. This dataset
is part of a measurement series on the temperature dependence of the released fraction. The left
curve is a ﬁt of the diffusion model (which is explained in section 4.4). The right curve is a ﬁt of
the exponential lifetime of the MOT cloud, on top of an offset. The ﬁt results are given in table 4.4.
4.4. Here the neutralizer foil is heated by a current of 6.3 A, from t = 0 to t = 3 s. The
ion beam is present from t = 2 to 22 s and its current measured on the neutralizer is
13.5 pA.
Laser light intensity
The MOT ﬂuorescence rate is our main observable for studying the overall efﬁciency
of the CC setup. We analyze its dependence on the primary laser light intensity to
determine the laser light intensity (in units of the saturation intensity) experienced at
the MOT cloud and compare it to the directly measured light intensity (in mW/cm2).
From that we can calculate the scatter rate per atom and study the number of trapped
atoms as function of the MOT parameters. First we calculate the pump and repump
laser light intensity from the beam diameters and powers. As a consistency check we
then ﬁt the scatter-rate equation, with the maximal intensity as ﬁt parameter, directly
to the ﬂuorescence signal. The MOT ﬂuorescence rate is directly related to the number
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Table 4.3: The parameters to determine the pump and repump laser intensity for the cubic setup.
The saturation intensity for the F = 2→ F ′ = 3 transition is 13.41 mW/cm2 for isotropic light
polarization.
Laser beam Pump Repump
Transmission of expander (%) 68 30
 after expander (cm) 6.0 11
Peak intensity (mW/cm2) 14 0.7
Peak intensity (I/Is) 1.0 0.11





1+ s0 + 4(δ/γ)2
, (4.2)
with γ the linewidth of the transition (10 MHz), δ the total frequency shift and
s0 = I/Is the total intensity due to the six laser beams in units of the saturation
intensity. The pump and repump laser frequency detunings for the sodium isotope
considered are relative to the 3s 2S1/2(F = 2) - 3p
2P3/2(F = 3) transition and 3s
2S1/2(F = 1) - 3p
2P3/2(F = 2) transition respectively. This ﬂuorescence to atom
conversion is valid for a relatively low number of atoms (up to 105 for Na), for a larger
atom number the optical density starts to signiﬁcantly inﬂuence the scattering rate
observed outside the MOT cloud [280].
For the cubic cell setup a magnetic ﬁeld gradient of 25 Gauss/cm in the axial
direction (strong axis) was always used, see also section 3.6.
Pump laser intensity
Here we ﬁrst estimate the laser intensities at the MOT cloud position and then study
the ﬂuorescence dependence on the intensities. For the direct determination of the
pump and repump laser power intensity at the MOT position for the cubic cell setup,
we measure the transmission through the beam expander and calculate the beam
diameter after the expander, giving a peak intensity. The total pump power entering
the setup is 100 mW and the total repump power is 16 mW. In front of each beam
expander of the three retro-reﬂected MOT arms the power is on average 32 mW and
5 mW for pump and repump power respectively. For a Gaussian beam proﬁle with the
1/e2 intensity diameter 2w the peak intensity is I0 =
2P0
πw2
and the fraction transmitted
through a circle of radius r is 1− e−2r2/w2 . The 20x beam expanders have a maximal
expansion diameter of 45 mm. The beams are clipped to 40 mm by the usable area of
the quarter wave plates. For a 10% loss in the retro-reﬂected beam this results in the
peak intensities given in table 4.3. The error on the peak intensities we estimate to be
20%. Note that due to the different beam diameters for the pump and repump light,
the repump intensity is about 5% of the pump intensity at the MOT cloud position.
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(a) 23Na MOT ﬂuorescence as function of pump intensity for the cubic cell setup. The repump power is maximal.
The curve through the data is a ﬁt of the scattering rate with the intensity as free parameter.
Total repump power (mW)





















(b) MOT ﬂuorescence dependence on the repump laser intensity for the cubic cell setup. The pump power is
maximal. The curve is to guide the eye.
Figure 4.5: 23Na MOT ﬂuorescence dependence on the pump (a) and repump laser intensity (b).
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We will now use equation 4.2 to determine the laser intensity at the MOT cloud
position by studying the pump laser intensity dependence of the ﬂuorescence rate,
under the assumption that the number of trapped atoms stays constant and the loading
rate is not changing signiﬁcantly. In ﬁgure 4.5a this dependence is shown. The repump
and pump laser frequency detuning are −3 MHz and −6 MHz respectively. The axial
magnetic ﬁeld gradient is 25 G/cm and the repump intensity is maximal. The data is
ﬁtted with equation 4.2 from 40 to 100 mW with a scaling factor and the saturation
parameter, s0, at maximal power in units of the saturation intensity. The scaling factor
is the product of the number of atoms, the scattering rate and the photon detection
efﬁciency.
For the lower intensities the loading rate is not constant but decreases, trapping
fewer atoms and these data can, therefore, not be used to ﬁt equation 4.2. With a
reduced χ2 = 1.0 at 2 degrees of freedom, we conclude that the total laser intensity
experienced by the MOT cloud is 1.25(14) s0 (or 0.2 s0 per beam). This is in agreement
with the value of 1.0(2) s0 found before and is summarized in table 4.3.
Repump laser intensity
The dependence on the repump intensity is shown in ﬁgure 4.5b. The pump intensity
is 100 mW, other conditions are the same as for the pump intensity measurement. We
observe that the ﬂuorescence rate saturates at the maximal repump intensity. At this
intensity the repump laser intensity is about 5% of the pump laser intensity. For 2.5%
it is still about 80% of the maximal value, in agreement with the repump to pump
laser intensity ratio of 5% reported for sodium MOT systems [281].
Number of trapped atoms
We determined that the total pump laser intensity at the position of the MOT cloud is
1.25(14) s0 and we also found that we have sufﬁcient repump power. Using equation
4.2 and the detection system parameters as described in section 3.6 the detected
ﬂuorescence can be converted to the number of trapped atoms in the MOT. In ﬁgure
4.6a the ﬂuorescence rate (and the equivalent number of trapped MOT atoms) is
shown as a function of pump laser detuning. The frequency detuning of the repump
laser is -5 MHz. The background PMT count rate of 53 · 103 counts/s is subtracted.
The ﬂuorescence rate is maximal for a pump laser detuning of -7 MHz. The number of
atoms is a factor of 1.6 higher for a detuning of -15 MHz, compared to the detuning
which gives the maximal ﬂuorescence rate. Both distributions are about 15 MHz wide
in frequency. Because we want to be able to detect a small MOT population optically,
we set the detunings for maximal ﬂuorescence instead of the maximal number of
trapped atoms. The corresponding trapping efﬁciency is thus a factor of 1.6 lower for
this detuning.
The dependence of the ﬂuorescence rate on the repump detuning is shown in
ﬁgure 4.6b. The pump laser detuning is -7 MHz. The background count rate is
60 · 103 counts/s. While slowly scanning the repump laser frequency the neutralizer is
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(a) The ﬂuorescence rate from (circles) and the number of trapped 23Na atoms (squares) as function
of the pump laser detuning.
Repump frequency relative to F=1 F'=2 (MHz)
























(b) The dependence of the ﬂuorescence from the MOT cloud containing 23Na atoms on the frequency
detuning of the repump laser using the cubic glass cell (pump detuning is -7 MHz). The upper data
points are from a time interval when the neutralizer pulses, the lower points when it is off (see text).
The upper ﬁtted curve is only used to establish qualitative agreement and uses two ﬁt parameters, the
lower ﬁt is used to subtract the continuously present MOT signal (see text).
Figure 4.6: The MOT ﬂuorescence dependence on the cooling laser frequency (a) and on the
repump laser frequency (b).
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periodically heated. The upper data points are for the condition that the time within
the cycle t is in the interval 2.95− 3.05 s. When the neutralizer is not heated also a
MOT cloud is present as the MOT lifetime is comparable to the cycle length. The lower
data points are for the time interval 0.95− 1.05 s. The actual signal is therefore the
difference between the upper data points and the lower points. Using the hyperﬁne
frequency splittings from ﬁgure 2.5 we can identify, in addition to the F=1→F’=2
transition at 0 MHz detuning, the F=1→F’=1 transition around -34 MHz. The origin
of the increase around 50 MHz is unknown. The FWHM frequency range for the
repump detuning is from -70 MHz to +30 MHz.
We performed a simple calculation to see whether the observed dependence of the
ﬂuorescence rate in ﬁgure 4.6b on the detuning of the repump laser frequency can be
expected. For a branching ratio ε from the pump cycle (with scatter rate γpump) to the






This is under the assumption that both the capture rate of the MOT and the lifetime
of the MOT are not affected by the changing repump frequency, which is not true for
large detunings. Therefore this model can only be expected to give a upper bound
estimate for ε at larger detunings.
Two calculated curves are shown in ﬁgure 4.6b, both are ﬁts to the data. The
ﬁt to the lower data points is only used as background subtraction when ﬁtting the
upper data points. Two parameters were used to ﬁt equation 4.3 to the former: ε and
a scaling parameter (absorbing the scattering rate, detection efﬁciency and number
of atoms). The contribution of the F=1→F’=0, the F=1→F’=1 and the F=1→F’=2
transition were taken to be equal. For the repump intensity we use the value from
table 4.3, for the pump intensity we used the value we found previously, 1.3 s0. The ﬁt
value for the parameter ε, the branching ratio from the cooling cycle to the repump
state, gave 1.6%. Around a percent is what can be expected (see the subsection about
the repump laser intensity). The ﬁt clearly overestimates the ﬂuorescence rate for
larger detunings, as expected.
In summary, the detuning for the maximal number of trapped atoms has to be
10 MHz larger than the detuning for the maximal ﬂuorescence. The former gives about
a factor of 1.6 more trapped atoms. A change of +7−4 MHz for the pump laser detuning
halves the number of trapped atoms. For the repump detuning the allowed detuning
is less strict, +30−70 MHz keeps half of the atoms.
4.4 Neutralizer efﬁciency
First we discuss the determination of the temperature of the neutralizer, as this is
a prerequisite to compare our values to literature. With the calibration established
we analyze the time dependence of the release of 23Na. From measurements where
we changed the heating current for the neutralizer foil, we extract the diffusion time
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scale and calculate the Arrhenius parameters. The release of 21Na, observed by the
time dependence of the β+ annihilation signals from the decay of 21Na, concludes
this section.
Temperature determination
For the data that we took to determine the diffusion time scale and the release
efﬁciency of implanted ions, the temperature of the Zr neutralizer foil was too low to
be measured directly with our pyrometer. We worked with relative low temperatures
as we did not want to damage the foil or non-stick coating. Later, we used larger
heating currents to obtain a calibration curve. We ﬁnd an excellent agreement of
the temperature dependence on the dissipated power. We extrapolate these data
downwards to estimate the temperatures for our release efﬁciency measurements.
The electrical resistivity of the neutralizer material is well known, therefore we also
have an indication of the overall accuracy of our temperature measurements with the
pyrometer at these higher temperatures.
We measured the temperature of the neutralizer foil with an optical pyrometer
(Optix PB05AF3, N◦ 20123, Keller, effective wavelength λ= 650 [282]). The lowest
reading for the pyrometer is 750 ◦C, the highest reading goes above 2000 ◦C. The
temperature, as read off on the pyrometer, needs to be corrected as metals are not
perfect blackbody radiators. The spectral radiance temperature Tr is related to the








logε(λ, T ), (4.4)
where ε(λ, T ) is the spectral emissivity, λ the effective wavelength and c2 = hc/kb =
0.014 m·K [283]. Because ε≤ 1, the real temperature is ≥ Tr. For Zr the value for ε
can be found in [284]. At a mean temperature of 825 ◦C, using an optical pyrometer
with a mean wavelength of 652 nm, reference [283] gives ε= 0.436± 0.013.
We measured the temperature with the pyrometer1, as function of the dissipated
electrical power. The dissipated power in the neutralizer foil and the feedthrough
connectors is the product of the voltage drop over this part with the current. We
started at a low temperature and waited until the voltage did not change anymore
before going higher in the heating current. At the highest temperature, we went down
again. In this way possible degrading of the foil or a hysteresis effect can be noticed.
The temperature dependence on the dissipated power can be found by assuming
that the heat is primarily radiated away, i.e. that convection and heat conduction are
negligible. The net energy ﬂux F emitted by a blackbody with temperature T and





4 − 2934) , (4.5)
1The emitted light from the neutralizer foil passes the glass of the cell before it reaches the pyrometer.
We did not correct for the fact that part of the emitted light at the effective wavelength of the pyrometer is
reﬂected or absorbed in the glass of the cell. This results in an underestimation of the true temperature.
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Figure 4.7: The neutralizer temperature dependence on the electrical power dissipated in the
neutralizer foil and vacuum feedthrough connectors. Equation 4.5 is ﬁtted to the data, with the
effective emissivity εeff as the only ﬁt parameter. The temperature values are corrected pyrometer
readings (equation 4.4). The inset shows the dissipated electrical power as function of the heating
current.
where σ = 5.7·10−8 W/m2/K4 and with an emissivity εeff. The emissivity of a material
depends on the wavelength, temperature, surface shape and texture and even the
thickness of the foil [285]. Therefore we use an effective value for the emissivity in
equation 4.5. In principle it can be calculated, by weighting ε(λ) with the Planck
blackbody curve, but we choose to ﬁt this value to the data.
In ﬁgure 4.7 the dependence of the neutralizer temperature on the dissipated
power is shown. We measure the temperature always in the middle of the foil, where
it has the highest value. A temperature gradient over the foil could clearly be seen.
As expected the temperature near the connectors of the foil was lower than in the
middle.
Fitting equation 4.5 to the data gives an emissivity of εeff = 0.77± 0.01 (cf. ﬁgure
4.7). The main uncertainty is the resistance of the foil, the resistance of the foil might
account only for half of the total resistance, this we will see later on. This gives a value
of εeff = 0.39± 0.01. A second uncertainty is the surface area of the foil. Because
the foil is wrapped around the corners of the connectors, the actual surface area
90 Chapter 4. Towards an efﬁcient Magneto-Optical Trap for 21Na
Temperature (K)



















Figure 4.8: The resistance of the neutralizer and vacuum feedthroughs as function of temperature.
Only temperatures ≥ 1000 K are measured with the pyrometer directly, the lower values are
calculated using the relation with the dissipated power using equation 4.5. The measurements
were done ﬁrst for increasing temperatures (solid symbols) and then by decreasing the temperature
(open symbols).
might also be slightly larger. For a 1.2 cm2 area instead of 1.0 cm2 the emissivity
is εeff = 0.52± 0.004. These values seem high, according to Wien’s displacement
law the radiation peaks around 2.6 μm for a temperature of 1100 K. For Zr, at these
wavelength the emissivity is in the range 0.25-0.35 [285] and it steadily decreases for
longer wavelengths. However, as the agreement in ﬁgure 4.7 is excellent we assume
that for our purposes this discrepancy is not an issue. Furthermore, the correction to
the temperature reading (equation 4.4) is small and only becomes smaller when we
use a value in the range 0.52-0.77 instead of 0.43. The uncertainty which fraction of
the resistance is due to the neutralizer might result in a larger shift in εeff and thus for
the value of the temperature. However, this issue is solved as we discuss in the next
paragraphs an absolute estimator of the temperature scale exists, associated with a
phase transition in Zr.
In reference [286] the electric conductivity of Zr as function of temperature can
be found. At 1137 K, a phase transition from a hexagonal closed packed (HCP) to a
body-centered cubic (BCC) structure occurs [197]. At this temperature, the resistance
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Figure 4.9: Blackbody radiation from the heated neutralizer foil, observed with the detection
system measuring the ﬂuorescence from the MOT cloud.
drops sharply with about 15% [286]. Also the diffusion process is expected to take
place signiﬁcantly faster in the BCC than in the HCP structure [197].
In ﬁgure 4.8 the resistance of the neutralizer and its connectors as function of
temperature is shown. At a temperature of 1200 K the resistance starts to decrease, at
a temperature of about 1350 K it starts to rise again. The decline is not as sharp and
in magnitude only half of the decline found in [286]. A smooth drop in resistance can
be expected as the temperature of the foil is not uniform over the foil and therefore
the phase transition appears to be broadened in ﬁgure 4.8 over a range of about 150
◦C. The fact that the decline is smaller might be due to the resistance of the current
feedthroughs, which may result in a considerable offset. The foil has also been made
by rolling a thick foil of Zr, the crystal structure might also have changed due to this
[282]. If we take the onset at 1200 K as an estimate for the phase transition which
should occur at 1137 K [286], the systematic shift on the temperature calibration is
about 60 K. As this value is about the size of the expected precision, we do not correct
the temperatures for this and use this value as an estimate of the uncertainty.
Figure 4.9 shows that the detection system, which is used to detect the ﬂuorescence
light from the MOT cloud, is sensitive enough to the detect the blackbody radiation
coming from the neutralizer, even after spatially ﬁltering the MOT cloud image and
with an optical ﬁlter being present. The neutralizer foil is heated from t = 0 to t = 3 s
with a current of 6.3 A, no laser light is further present and the main room lights are
turned off. By eye one sees a red-orange glow, it takes about a second for the glowing
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to reach its maximum. The neutralizer is not in the direct sight of the detection system.
The various optical elements (reﬂection from the glass, ﬁlter, PMT) have an unknown
(strong) wavelength dependence in the relevant wavelength regime and therefore
the signal in ﬁgure 4.9 does not allow for a determination of the temperature. (The
offset of about 1 · 103 counts/s is due to light sources which remain after turning
off the room lights.) The signal rises in about 1 second, saturates after an additional
second and within 1/10 of a second it drops when the heating of the neutralizer foil
stops. Thus at 6.3 A the peak temperature is reached after about 2 sec. While these
data characterize the time dependence of the heating, we can safely neglect their
contribution of about 100 counts/s to the PMT rate observed in the measurements
reported in this thesis.
Released fraction as function of the temperature






where Ratom is the rate of atoms coming off the neutralizer [81, 197]. The ions shot
into the neutralizer foil diffuse through the neutralizer material. They accidentally





with d the mean implantation depth. Using the TRIM software package [194] we have
calculated that d = 66 Å for an ion beam energy of 2.8 keV. The diffusion constant




with Ea the activation energy. For Na in Zr no diffusion data are known. For
37K
diffusing in Zr D0 = 1.8
+7.8
−1.5 · 10−10 m2/s and Ea = 1.41(0.15) eV [197]. At room
temperature this gives a timescale of order 1000 years, at 1000 K this corresponds to
a timescale of 0.2+0.35−0.12 s. On one hand a hotter neutralizer results in a faster diffusion
and a larger released fraction, on the other hand a higher temperature degrades the
neutralizer foil as well as the nearby wall coating and results in more outgassing and
therefore in a shorter MOT lifetime. Also the mean velocity of the released atoms is
higher, although this can be neglected. If the atoms bounce at least once with the wall
they are thermalized to room temperature [200]. The released and surviving fraction
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4.4 Neutralizer efﬁciency 93
with τ the lifetime of the implanted isotope.
To study the dependence of the released fraction on the peak temperature of the
neutralizer we varied the heater current. In ﬁgure 4.10 the number of trapped atoms is
shown for three currents which have been converted to a temperature using equation
4.5. As we did not want to damage the neutralizer foil or non-stick coating, we did not
go to higher temperatures. The temperature dependence of the conductivity is taken
into account following [286]. When using a higher heating current the heating period
has to be increased to reach the peak temperature. It was checked that the atom yield
in consecutive heatings is consistent with the time evolution given in equation 4.9
using the values of the diffusion coefﬁcients we derive in the following.
In these measurements the laser frequency detunings for pump and repump laser
are -4 MHz and 0 MHz, with respect to the cooling and repumping transition. The
cycle length is 20 s and the current on the neutralizer foil is 14.4 pA (which we assume
to contain 23Na only).
The time evolution of the trapping signal depends on the release rate of the
neutralizer and the lifetime of the MOT during the heating. When the atoms are
released from the neutralizer, they enter the cell volume. The atoms either stick or
bounce off the glass walls. Eventually some are trapped in the MOT or exit through
one of the connecting tubes. Because the average time a particle spends in the glass
cell before it is removed via these processes is much shorter than the typical diffusion






where τM is the mean time of an atom in the MOT and S(t) is the source term.
Following [197] and equation 4.9 with e−t/τ removed as τ τM we have that




Here I tcyc(1− F) is the number of particles implanted in the neutralizer, where I is the
ion current and tcyc the duration of the beam. The fraction of back-scattered ions is F .
The collection efﬁciency is εcol, it depends on the average number of passes through
the laser trap volume NB and the single pass trapping efﬁciency P1. The above terms
combined we refer to as Neffective, only the last term describes the time dependent
release with α= 4D/d2.
The solution of this differential equation is ﬁtted to the data in the restricted range
1.8 to 3.0 s of ﬁgure 4.11. The reason to only ﬁt to part of the data will be explained
below. The four ﬁt parameters are the diffusion time-scale 1/α, the lifetime of the MOT
during the heating τon, a time offset which is the start time of the heating (3-theat)
and the maximal number of trapped atoms for an inﬁnite MOT lifetime N t→∞τon→∞.
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Figure 4.10: The number of trapped atoms for three neutralizer temperatures. Which cycles are
subtracted from each other is indicated by the combination, cf. ﬁgure 4.3b for the deﬁnition of the
cycles.
Table 4.4: The values of the ﬁtted parameters from four measurements. From left to right the data
is from ﬁgure 4.11, ﬁgure 4.4, ﬁgure 4.12a and ﬁgure 4.12b. For d we take 71 Å (see text). The
systematic uncertainty on the temperature is 60 ◦C (see text).
Fit parameters 6.3 A 6.3 A 5.8 A 5.3 A
Diffusion time 1/α= d2/4D (s) 0.9(15) 0.60(20) 9.3(6) 56(1)
MOT lifetime τon (s) 0.63(6) 0.51(11) 1.83(4) 1.4(1)
MOT lifetime τoff (s) 3.80(1) 3.44(3) 3.60(1) 3.58(2)
Effective heating time theat (s) 1.48(5) 1.20(1) 1.48
† 1.48†
Atom number N t→∞τon→∞ (10
5) 4.9(6) 0.7(2) 4.9† 4.9†
Peak temperature (K) 1080(10) 1080(10) 1040(10) 990(10)
D (10−13 cm2/s) 1.5(3) 2.4(9) 0.14 0.02
Released fraction (%) 40(5) 42(5) 7 1
Number of implanted ions 1.8 · 109 - 1.8 · 109 1.8 · 109
Collection efﬁciency 2.7 · 10−4 - - -
Peak released fraction (%) 15± 4 15± 4 5± 1 0.9± 0.2
† Fixed parameter.
From ﬁgure 4.9 it can be seen that the temperature becomes constant between 1.8
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Figure 4.11: Atoms trapped in the MOT, which are related to the ion beam ((b) shows a zoom of
(a)). The neutralizer is heated with a current of 6.3 A from t=0 to t=3 s. The left curve is a ﬁt
using the diffusion model, done from t=1.8 to 3.0 s. The right curve is a ﬁt of the lifetime of the
MOT cloud, on top of a negative offset. The discontinuity at t=3 s is explained in the text.
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Figure 4.12: As in ﬁgure 4.10 but with a heating current of 5.8 A (a) and 5.3 A (b). Some of the
parameters are ﬁxed using the data from ﬁgure 4.11 (see text).
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Figure 4.13: The temperature dependence of the diffusion constants from table 4.4, ﬁtted to the
Arrhenius function (equation 4.8). The highest temperature has been directly measured and has
an uncertainty of 60 K, the two lower values indirectly determined using equation 4.5 using the
dissipated power in the neutralizer foil.
and 3.0 s and the diffusion thus also. The ﬁtted curve falls below the data points at
earlier times as the actual temperature is still low. Here the diffusion is slower and the
MOT ﬂuorescence signal rises less steep than the ﬁtted curve. At t > 3 an exponential
decaying signal is assumed with a lifetime τoff of the MOT. Because the heating of
the neutralizer foil has stopped the pressure improves and τoff > τon, this leads to a
discontinuity of the ﬁtted curves.
In ﬁgures 4.4, 4.11, 4.12a and 4.12b we show the results of these ﬁts to the
ﬂuorescence yield of the MOT. The results for the ﬁt parameters are summarized in
table 4.4. The MOT lifetime with the heater off is also extracted. Note that during the
ﬁrst second no signal is observed. This is consistent with the dependence we found
earlier, displayed in ﬁgure 4.9. This is the reason that theat is a parameter in the ﬁt. It
assumes that the temperature dependence in ﬁgure 4.9 can be approximated by a step
function. This rough approximation hampers a good description of the leading part of
the MOT signal. The trend for τon is that it is shorter for higher heating currents as
can be expected.
Listed in table 4.4 are the ﬁve ﬁt parameters, four stem from the diffusion model
and one is a MOT lifetime τoff after the neutralizer is switched off. The ﬁrst three
diffusion model parameters are the diffusion timescale 1/α, the MOT lifetime during
the heating of the neutralizer τon and the effective heating time theat. The fourth
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Table 4.5: Measured diffusion parameters and timescales for some alkaline elements in Y and Zr.
The diffusion time at temperature T is τT . For αZr points above its phase transition are included,
this is not the case for βZr.
Isotope Foil Ea (eV) D0 (cm
2/s) T (K) τT (s) Ref.
23Na βZr 4.8± 0.7 2.9± 1.3 · 10−2 1100 0.7± 0.1 this work
37K αZr 1.18± 0.09 1.5+2.2−1.3 · 10−7 1200 0.15± 0.01 [197]
37K βZr 1.41± 0.15 1.8+7.8−1.5 · 10−6 1200 0.11± 0.02 [197]
85,87Rb Y 1.8± 0.4 - 1000 6.1± 2.3 [287]
210Fr Y 1.8± 1.1 - 1000 4.1± 2.5 [287]
parameter is the asymptotic cumulative number of trapped atoms, i.e. this is the
number of trapped atoms for an inﬁnite heating time and an inﬁnite MOT lifetime
during the heating. From the table one can conclude that because of the short lifetime
of the MOT during the heating of the neutralizer, the maximal number of trapped
atoms is signiﬁcantly reduced.
For the third column of table 4.4 the cycle length was twice the cycle length
of the measurement in the second column, the LEBL was set for 21Na and the ion
current was not determined. The ion current for the 23Na condition was 11.1 pA,
whereas for the other measurements it was 14.4 pA. From this we ﬁnd that for the
LEBL 21Na settings about 10% of the ion related 23Na MOT signal that was measured
before with 23Na LEBL settings. This information we will later use to estimate the
contribution of background process involving 23Na atoms when looking for an optical
signal from trapped 21Na atoms. Here we assume that the collection efﬁciency and
release efﬁciency did not change in the week between these measurements.
Diffusion constant of 23Na in Zr
With the results listed in table 4.4 we can now calculate the Arrhenius parameters
(equation 4.8). Note that the time to come off the surface (desorption time scale)
can be neglected, as discussed in section 2.6. In ﬁgure 4.13 we show the diffusion
constant as function of the neutralizer temperature. The Arrhenius constants D0 and
Ea are determined by a ﬁt. We ﬁnd indeed an exponential dependence.
The ﬁt results are in table 4.5, together with some results from other experiments.
It is not uncommon for this type of measurement that the extracted value for D0
is not very meaningful because of the larger error, caused by the extrapolation to
inﬁnite temperatures [197, 287]. For 37K Melconian et al. [197] observe that for many
different neutralizer materials, about 50% is released for a temperature of about 0.55
of the melting temperature. For Zr, the melting temperature of Zr is 2127 K [286],
therefore the temperature for a 50% release efﬁciency can expected to be around
1200 K. This is indeed what we observe for 23Na.
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In earlier work done within this 21Na experiment, Rochachevskiy et al. [196] meas-
ured also for Zr and Y the MOT population as function of the neutralizer temperature.
However, they convert the temperature, as read off on the pyrometer, by multiplying it
with 1/ 4

ε [288]. This leads to an overestimation of the real temperature with about
200 K for the highest temperatures they report. The optimal release temperature of
1400 K they ﬁnd is actually 1190 K. This last value is in good agreement with the
temperature of about 1100 K which we found here. At this temperature about 40% is
released. Rochachevskiy et al. might have had a higher release efﬁciency because of
the higher temperature.
We have seen earlier that the temperature of the neutralizer foil is not uniform over
the foil. The broadening of the phase transition with 150 K at 1200 K is an indication
of this. If this were the case, it would complicate the determination of the diffusion
constant and activation energy. To extract more reliable values the neutralizer has to
be heated to higher temperatures. From ﬁgure 4.7 we see that we can increase the
temperature with about 400 K, although the hysteresis like curve in ﬁgure 4.8 might
be an indication that the neutralizer degrades fast at higher temperatures. To have
conﬁdence that our model describes reality the temperature range from low release
efﬁciency to the saturation value has to be covered.
In summary:
• To extract low-uncertainty diffusion parameters, the release process has to be
measured at higher temperatures.
• The diffusion value at the highest temperature is in excellent agreement with
other alkaline elements using Zr as a neutralizer material.
• An apparent discrepancy with earlier measurements by Rochachevskiy et al. can
be explained.
• At an operating temperature of about 1100 K 40% of the implanted ions are
released.
• The number of simultaneously trapped atoms depends strongly on the lifetime
of the MOT and on the temperature of the neutralizer.
Observation of release of 21Na
The release of 21Na can be studied by measuring a neutralizer related change in the
count rate of the annihilation radiation of the β+ particles. For the cross cell setup
this rate is shown as function of time in ﬁgure 4.14a and ﬁgure 4.14b, averaged over
many cycles. Two small volume CsI detectors are used in singles mode, one close to
the neutralizer and one near the entrance of the cell. The neutralizer is heated for up
to 3 s. The build-up time constant in ﬁgure 4.14a is 30(8) sec, in agreement with the
21Na decay lifetime of 32.4 s. The decay time in ﬁgure 4.14b is also consistent with
this value. The decrease in the near-neutralizer detector and increase in the entrance
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detector indicates that 21Na is released from the neutralizer foil. The fractional change
for the dip is about 8% and it is 1% for the rise.
The conclusion is that at least 8% of the 21Na particles are released from the
neutralizer for the cross cell setup, however the count rate change is a poor indicator
and gives a lower bound for the release as the annihilations are not localized at one
particular position. The β particles stop distributed over the chamber walls. Therefore
we cannot discriminate between 21Na which decays inside the neutralizer foil or has
been released and decays outside the neutralizer foil.
For the cubic cell a measurement is done with a single large volume NaI detector,
the result is shown in ﬁgure 4.15. The data belongs to the same run as the data
in ﬁgure 4.21, where the MOT from 21Na was observed. The neutralizer is heated
starting at t=0 for 3 s long. Here a change in the count rate of only 0.7% is seen. It
may be interpreted that in the cross setup 21Na leaves the cell, while in the new setup
more 21Na remains in the cell.
4.5 Trapping of 21Na and 23Na from a neutralized ion beam
We ﬁrst discuss time dependent backgrounds which we observed when studying
the collection efﬁciency of the setup with 23Na. This can be relevant information
in understanding the diffusion process and possible chemistry on the neutralizer
surface. Then we discuss the impact of the Doppler background ﬂuorescence from
23Na for an optical signal from a 21Na MOT cloud. Finally we discuss in this section
the observation of a MOT signal with a neutralizer at room temperature.
23Na; time dependent background
We observed that 23Na is present in the neutralizer foil upon installation and this
amount increases when not all ions from an ion beam are released. Therefore, we
have to distinguish between the atoms that originate from the freshly deposited ions
and those that originate from previous depositions or were already present in the foil
when it is built into the setup.
Without any ion beam present, just starting pulsing the neutralizer already shows a
time dependent signal, see ﬁgure 4.16. Here the cycle is 20 s long and the neutralizer
is heated 3 s long with a current of 6.3 A. Fitting individual peaks in the spectrum
shows that the ﬁrst MOT signals have a short lifetime, after ten pulses it becomes
longer and reaches a constant value. We additionally observed that if the neutralizer
is not heated for a few cycles the situation of the cold start is reproduced, though it is
faster it still takes hours to reach the peak value again (in ﬁgure 4.16 the heating is
not interrupted). Apparently in absence of heating the surface rapidly returns to its
original state.
In ﬁgure 4.17a we show a measurement where we change the cycle time from 10 s
to 20 s and to 40 s, the neutralizer is heated during 3 s. An additional time constant of
∼ 500 s is involved each time the cycle length is changed. In ﬁgure 4.17b the number
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Figure 4.14: The 511 keV count rate for two CsI detectors, near (a) and further away (b) from
the periodically heated neutralizer foil.
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Figure 4.15: The 511 keV rate as detected in the cubic cell setup.
of trapped atoms and the lifetime of the MOT cloud is shown as function of the length
of the cycle. We see from ﬁgure 4.17b that the MOT lifetime gets longer when going
to longer cycle times. This is expected as less outgassing takes place. However, the
MOT signal is higher for shorter cycle length.
A possible explanation for this behavior is the surface condition of the neutralizer.
During a longer cycle more deposits from gas molecules are building up at the surface.
For a Zr surface the incident rate of oxygen molecules at a pressure of 10−6 mbar is
1/s per adsorption site [289]. For the typical 3 · 10−9 mbar, derived from the MOT
lifetime, this means an adsorption timescale of order 300 s for a single monolayer.
This timescale is comparable with ∼ 500 s timescale we observe. At low temperatures
of the neutralizer this monolayer might form a signiﬁcant barrier to diffuse through.
Doppler background ﬂuorescence from 23Na
In a MOT a strong isotope selectivity is naturally provided by the narrow bandwidth of
the laser frequencies and narrow linewidth of the atomic transitions. This is also the
case for the combination of 21Na and 23Na. Nevertheless Doppler ﬂuorescence from
the atomic vapor is much less dependent on the actual laser frequency and therefore
23Na can contribute to the signal of the 21Na MOT.
Such background signals are shown in ﬁgure 4.18 for four different detunings
with only pump laser light present. The signal does not dependent on the presence
of the MOT magnetic quadrupole ﬁeld, as expected as no repump light is present.
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Figure 4.16: The MOT ﬂuorescence rate for a periodically heated neutralizer. The dropouts are
due to lasers which lost their frequency lock. The data points are the average of the PMT rate on
the time interval 2.5− 3.5 s within a cycle, note the logarithmic horizontal scale.
The large blue and red detuning prove that the ﬂuorescence signal is due to Doppler
background ﬂuorescence.
For a blue detuning of the pump laser and a red detuning of the repump laser a
signal of about 1.5 · 103 counts/s can be seen (ﬁgure 4.19). This ﬁgure corresponds to
the right most point from ﬁgure 4.6a where the MOT atom number appears to be zero,
but in fact the signal is just small. Therefore we can compare the MOT ﬂuorescence
rate and the rate observed here. The ratio between the maximal ﬂuorescence rate in
ﬁgure 4.6a to the rate for this detuning is 1.3 · 103.
We now do an order of magnitude estimate of the expected signal for Doppler
background ﬂuorescence: An atom with velocity v spends a time of order d
v
in the
detection region approximated by a sphere of diameter d. Its ﬂuorescence is recorded
with a detection efﬁciency ε. The scattering rate from a laser beam is given by equation
4.2. With the polar angle θ to the laser beam, the laser frequency detuning due to
the Doppler shift is given by δ = 2π/λ = kv cosθ (for example 6 m/s gives a 10
MHz Doppler shift for θ = π). The velocity is distributed according to the Maxwell-
Boltzmann distribution, equation 2.8. The total number of photons Nc for a single
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(a) Transition of 10 s to 20 s cycle at ∼700 s and at ∼2000 from 20 s to 40 s (the neutralizer started pulsing at
t=-28000 s). The dropouts are due to unlocked lasers. The data points are the average of the PMT rate on the
time interval 2.5− 3.5 s within a cycle.
Cycle period (s)










































Number of trapped atoms
(b) The 23Na MOT signal and MOT lifetime as function of the cycle length. The lines are to guide the eye.
Figure 4.17
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Figure 4.18: The Doppler background ﬂuorescence signal from 23Na, only pump laser light is
present. The detuning from the 21Na pump transition is indicated in the ﬁgures, a constant
background rate is subtracted from the data.






















1+ s0 + 4((kv cosθ +δ)/γ)2
, (4.12)




the most probable velocity. Integrating
numerically we have for six laser beams, d = 1 cm, s0 = 1 and T = 900 K on average
60 photons scattered by an atom. Not all the atoms ﬂy through the detection volume,
for the cubic cell setup the detection volume is about 40 mm away from the neutralizer
foil. The solid angle is therefore about 8 · 10−3, including an extra factor of two as the
atoms are released into a solid angle of 2π.
Table 4.6 collects the data relevant for the discussion on the Doppler background
ﬂuorescence. From table 4.4 we take the number of implanted ions, the released
fraction and the trapping efﬁciency. For 21Na two laser frequencies are present which
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Table 4.6: Estimated 23Na Doppler background and MOT ﬂuorescence rates for the cubic cell setup.
Number of implanted ions 1 · 109
Released fraction 40%
Fluorescence mechanism Doppler MOT
Photons/atom/s 60 107
Collection efﬁciency - 10−5
Solid angle atom release 8 · 10−3 -
Fluorescence detection efﬁciency 10−5
Count rate (/s) 2 · 103 2 · 106
Time since neutralizer on (s)





















Figure 4.19: The PMT count rate for a 4 MHz pump and -5 MHz repump laser frequency detuning
for 23Na.
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both contribute to the Doppler background ﬂuorescence. The largest contribution
comes from the repump laser frequencies of 21Na, which is 199 MHz above the
pump frequency of 23Na. This results in about 50 photons/atom/s (equation 4.12).
The pump frequency of 21Na is 1648 MHz below the pump frequency of 23Na, this
gives 20 photons/atom/s. In total about 70 photons/atom/s can thus be expected
from 23Na background gas for 21Na laser settings. As this is close to the value of 60
photons/atom/s we found for 23Na in table 4.6. The same ratio can thus be used. The
count rate due to Doppler background ﬂuorescing 23Na when using 21Na laser settings
is about a factor of 1000 smaller than the count rate from the 23Na MOT count rate,
keeping the LEBL settings for 21Na.
We conclude that the Doppler background ﬂuorescence rate of 23Na contributes
to the 21Na MOT signal. For the laser frequency setting of 21Na a background rate
due to Doppler ﬂuorescence from 23Na of the order of 100 counts/s can be expected
for a current of 1 pA of 23Na, see discussion in section 4.2. This is about 10% of
the expected MOT ﬂuorescence rate on basis of the input currents of 23Na and 21Na
respectively. For a ﬂuorescence rate of 1000 counts/s for a 21Na, as can be expected
from measurements with 23Na, the rate from Doppler broadened scattering from 23Na
atoms would then be about 100 counts/s.
Ion beam induced MOT cloud with a room temperature neutralizer
The diffusion at room temperature is negligible (section 4.4). Surprisingly we observe
with a cold (room temperature) neutralizer clearly a MOT cloud (cf. ﬁgure 4.20). The
extraction of the 14 pA ion beam is switched on for 20 s, the lifetime of the MOT
cloud is 3.9 s. We use different ion beams to see whether the 23Na MOT is due to the
23Na ion beam or if any ion beam shows this effect. The results are listed in table 4.7.
Although the K, Ca ion beam gives also an ion related MOT cloud, the effect is a factor
of 30 lower than for a 23Na ion beam.
We optimized the ‘cold’ neutralizer MOT signal by changing the LEBL parameters.
These settings do not coincide with the optimal settings for a heated neutralizer.
This setting reduces the beam current measured on the neutralizer with about 70%.
Especially this last observation indicates that the neutralization might take place on
the glass surface; in that case the neutralizer is not playing any role here.
For the francium setup at Legnaro, also a ‘cold’ neutralizer effect was observed for
Fr by De Mauro et al., see page 63 of [78]. With the ion beam continuously on and
the neutralizer continuously heated, they observe about 350 trapped Fr atoms in a
steady state. With a cold neutralizer they observe about 80 trapped atoms in a steady
state. The MOT lifetimes can be quite different in both situations and therefore the
steady state atom number most probably changed for that reason as well. De Mauro et
al. suspect that the ‘cold’ neutralization effect might be due to sputtering and that this
effect depends on the intensity of the ion beam (local melting of the bulk material).
They observed the ‘cold’ effect only for high ionic beam intensities and never observed
it with the Rb ionic beam (where the ions have, in contrast to Fr, a mass comparable
to the neutralizer material Y, which has a mass of about 90 amu, Zr has a mass of
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Table 4.7: The number of trapped 23Na atoms with a room temperature neutralizer for different
isotope settings of the Wien ﬁlter.
Wien Current Trapped Trapped
ﬁlter (pA) atoms atoms (/pA)
23Na 11.5(0.3) 512(30) 45
K,Ca 35(0.5) 44(3) 1.3
Cs,Ba 2(0.5) 0(3) 0
about 91 amu). Finally, they state that the back-scatter fraction for Fr at Y at their
beam energy is very low2.
To consider this further we calculate the combined neutralization and collection ef-






where I is the number of ions/s, τ the MOT lifetime and NMOT is the number of
continuously trapped atoms. From the measurement shown in ﬁgure 4.20 we ﬁnd a
combined neutralization and collection efﬁciency of 2.2 · 10−6 on a cold neutralizer
surface. As 27% of this ion beam is not hitting the neutralizer foil (section 4.2), it may
be that the atoms are neutralized at the glass surface. Then this process would have an
efﬁciency which is at least 3 times larger than neutralization on the cold neutralizer.
Further, a possible explanation might be that these trapped atoms are originating
from the neutralization of back scattered ions. According to simulations about 20%
of the 2.8 keV beam will be back scattered with a recoil energy of about 1 keV (see
section 2.6). The back scattered fraction of Rb and Fr is negliglible, but still the ‘cold’
neutralizer effect is observed. It remains unclear what the underlying mechanism is.
For practical purposes the origin of the neutralization of ions for a room temperat-
ure neutralizer is not very important. The fraction of the beam lost during transport is
comparable to the expected back scattered fraction, therefore the calculated efﬁciency
does not depend on which of these two processes we assume. The atoms which are
neutralized continuous are not available for trapping in pulsed mode, where the atoms
are released at once. Therefore it has a minor impact on the pulsed trapping efﬁciency,
as can already be concluded from the measurements shown in ﬁgure 4.3b (cycle 1).
2We did a simulation to determine the stopping distribution and to determine the back scattered
fraction of a 2.8 keV Na ion beam on a Zr target (see ﬁgure 2.8 for the results). We also did the simulation
for a 3 keV Rb and Fr ion beam on a Y target. The ion range for Rb is about 51 Å and the back scattered ion
fraction is about 2%, for Fr the values are an ion range of about 54 Å and no back scattered ions.
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Figure 4.20: An example of a 23Na MOT cloud for a ‘cold’ (room temperature) neutralizer foil.
The ion beam (13.5 pA) is extracted from the Thermal Ionizer from t=22.2 s to t=42.2 s. The ﬁt
of the MOT lifetime gives τ= 3.8 s.
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= εMOT(Tneu) + εMOT(Tglass)NM , (4.14)
where RMOT is the loading rate of the MOT and Ratom is the rate at which atoms are
brought into the cell volume. The average number of trap passages before the atom is
adsorbed on the wall or escapes permanently through one of the exits of the cell is
NM. At maximum NM is the number of bounces. It can be attributed to two parts: the
capture of atoms coming directly from the neutralizer and indirectly from the glass
walls of the cell. In the ﬁrst case the atoms have the temperature of the neutralizer
and in the second case they have the temperature of the glass [291]. In the case
the cell volume is comparable to the laser trap volume the number of bounces is a
good estimator (and upper bound) for the number of trap passages. For a MOT with a
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from the Maxwell-Boltzmann distribution with temperature T . For Tneu = 1100 K and
Tglass = 293 K the ratio is P1(Tglass)/P1(Tneu) = 6.3, thus capturing from the vapor
which has been collided once with the glass wall is much more efﬁcient.
In table 4.9 we have collected all data that allow the extraction of the various
efﬁciencies we have introduced in section 4.1. The table shows the results for both
21Na and 23Na and for the two cell types, the cross-cell and cubic-cell conﬁguration.
Section I of the table summarizes the measurements on the number of particles
which are accumulated in the neutralizer (see section 4.2). The accumulated number
of particles is I t where t is the cycle time and I the incoming particle current. In
equilibrium the observed average decay rate is equal to the average incoming current.
To calculate the efﬁciencies we calculate the number of 21Na which are available at the
moment of the heating pulse, as a fraction of the accumulated atoms that has already
decayed. It is not possible to know if all 21Na ions were deposited on the neutralizer.
Therefore, the number of 21Na atoms that can be trapped may still be lower.
Section II of the table describes the MOT cloud ﬂuorescence detection efﬁciency.
For the cubic cell the ﬁrst aperture of the detection system (thus the solid angle)
is chosen for the best signal-to-background ratio for the 21Na measurement. The
background count rate was not limiting for the 23Na measurements.
In section III the laser parameters are listed which are used to convert the ﬂuores-
cence rate from the MOT cloud to a number of trapped atoms. The scattering rate per
atom times the ﬂuorescence detection gives the count rate per atom in the detection
system. The ion related ﬂuorescence peak rate then results in a maximum (peak)
number of trapped atoms.
Section IV summarizes the LEBL transport efﬁciency from section 4.2 and the
release efﬁciency from section 4.4. Combined with the peak number of trapped atoms
and the number of ions accumulated in a cycle this gives the collection efﬁciency. For
the cubic setup we use the peak trapped fraction from table 4.4 as the neutralizer
efﬁciency. As the release efﬁciency was not measured for the cross setup we use the
change in decay rate as observed for 21Na. By setting the laser detuning to the maximal
atom number instead of to the detuning corresponding to maximal ﬂuorescence, the
number of trapped atoms is increased (section 4.3). For completeness we also include
the ‘cold’ neutralizer, continuous efﬁciency discussed in section 4.5.
The errors on the experimental data are taken as uniform distributions, the error
propagation is Monte Carlo simulated. For the non-Gaussian distributions, the median
is taken as the central value and 68% of the points are taken within the upper and
lower limit.
We show in ﬁgure 4.21 the 21Na trapping signal for the cubic setup. To make sure
that we observe ﬂuorescence from a 21Na MOT cloud, we deliberately set the laser
frequency such that the cooling light was blue detuned. For the trapping signal, the
peak atom number corresponds to a PMT count rate of 1.2 · 103 counts/s. The cycle
length was 40 s and the data for the trapping conditions represents about 1 hour of
data. The error bars are the width of a Gaussian ﬁt to the bin distribution and is thus
not the statistical error.
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Figure 4.21: Trapped 21Na atoms in the CC, for trapping (closed symbols) and anti-trapping
detunings (open symbols). The ﬁt to the data is based on the diffusion model (see the text). The ﬁt
parameters can be found in table 4.8. The pump and repump laser detuning are -8 MHz and -2
MHz respectively (closed symbols), and are 2 MHz and 8 MHz (open symbols).
Table 4.8: The diffusion and MOT parameters from the ﬁts to the data
in ﬁgure 4.21 from trapped 21Na atoms. To compare we show data from
the second column from 4.4, obtained from measurements with 23Na.
For both measurements the neutralizer was heating with a current of
6.3 A.
Fit parameters 21Na 23Na
Diffusion time 1/α= d2/4D (s) 1.3 0.9(15)
MOT lifetime τon (s) 0.7 0.63(6)
MOT lifetime τoff (s) 0.9 3.80(1)
Effective heating time theat (s) 1.3 1.48(5)
Atom number N t→∞τon→∞ 240 4.9(6) · 10
5
Peak temperature (K) 1080(10) 1080(10)
D (10−13 cm2/s) 1.0 1.5(3)
Released fraction (%) 30 40(5)
Number of implanted ions 1 · 106 1.8 · 109
Collection efﬁciency 2.4 · 10−4 2.7 · 10−4
Peak released fraction (%) 13 15± 4
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The errors in ﬁgure 4.21 are about a factor of 10 above the shot noise limit.
Correcting the PMT rate using the signals from photodiodes recording the laser
powers near the MOT setup does not remove the non-statistical scatter of the data.
Most probably pointing effects of the laser beams are the dominating source of long
term systematic drifts of the background count rate.
In section 4.5 we estimated that the Doppler background ﬂuorescence rate is
about 10% of the ﬂuorescence signal from trapped 21Na atoms. The distinct feature
is that the trapped atoms have a lifetime, whereas the Doppler ﬂuorescence is only
present when the neutralizer is heated. The Doppler background ﬂuorescence from
23Na atoms in ﬁgure 4.21 is estimated to be the size of 3 trapped atoms, which is
within the scatter of the data.
The trap signal (red detuning) data in ﬁgure 4.21 are ﬁt to the diffusion model,
which is described in section 4.4. For the ﬁt an additional offset value of -2 was
used, also for the ﬁt of the MOT lifetime after t = 3 s an offset was included. The
results of the ﬁts are shown in table 4.8. For comparison we also included in this table
a measurement with 23Na, which was done with the same heating current for the
neutralizer. For 21Na the systematic errors dominate. We observe that all values are in
reasonable agreement with the values obtained with 23Na, except for the value for
τoff, which is about a factor of 4 smaller for
21Na than for 23Na.
For the cubic glass cell the overall efﬁciency for 21Na is in agreement with the
value found using 23Na. The main uncertainty arises from the number of 21Na which
are incident on the neutralizer. As at the same temperature 21Na has a slightly higher
thermal speed than 23Na, the collection efﬁciency of the MOT is expected to be 4%
lower for 21Na than for 23Na.
For the cross glass cell no clear MOT related 21Na signal could be extracted. The
detection sensitivity was limited by the ﬂuctuation in the background count rate due
to scattered laser light. Also we were less certain about the absolute laser frequency,
compared with the trapping signal obtained with the cubic setup where the lasers
were locked to the frequency comb.
For the measurements with the cubic cell setup in table 4.9, we coated the cell with
a PDMS solution. Simple tests of the quality of the coating indicated that something
went wrong during the coating procedure3. As the beamtime was close, there was not
enough time to coat the cell again and we decided to continue with the sub-optimal
coating. However, we cannot exclude that part of the coated surface might actually
work and give a bit of enhancement of the collection efﬁciency. In table 4.10 we
therefore calculate the capture velocity for the cubic cell setup as function of the
number of trap passages. The large difference between 1 and 2 trap passages is due to
thermalization of the hot atoms having the temperature of the neutralizer foil of 1100
K, to the temperature of the glass cell wall of about room temperature. The typical
3A simple test we did and failed, was the ‘droplet’ test. A droplet of water shows a reduced contact
angle at a coated surface and does not wet it (slide frictionless over the surface).



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































114 Chapter 4. Towards an efﬁcient Magneto-Optical Trap for 21Na
Table 4.10: The required capture velocity as function of the number of trap passages (not known)
for the 23Na collection efﬁciency εcol from table 4.9. Thermalization from the neutralizer temperat-
ure to room temperature is assumed to take place within 1 bounce.
Cubic cell
Number of trap passages 1 2 10 100
Capture velocity (m/s) 71+9−8 37
+5
−4 17± 2 8± 1
capture velocity of a sodium MOT is around 20 - 35 m/s [166]. These values are for
MOTs which use smaller beam diameters than we have. Therefore it can be expected
that we can achieve a larger capture velocity.
Our conclusion is that most probably the number of trap passages is of order 1 and
the number of bounces of the order 5 (see section 3.6 for the relation between the
number of trap passages and the number of bounces). An improvement of a factor of
100 is possible (section 3.6), ultimately limited by the total effective exit area of the
cell design. Improvement of the quality of the coating is thus of foremost importance.
The capture velocity, and therefore the collection efﬁciency, can be expected to be
increased further. The laser beam intensity is still low, the peak intensity is about 1/6
of the saturation intensity. Note that the capture velocity can be determined with a
push beam measurement (see section 5.2).
4.7 Conclusions
The conclusions for the current setup are that
1. 23Na can be used to establish all relevant efﬁciencies of the collection setup on
the quantitative level in preparation for the efﬁcient trapping of 21Na.
2. The fraction of ions extracted from the Thermal Ionizer which ends up trapped
in the collector cell MOT is currently 5.0+2.4−1.6 · 10−5. The collection efﬁciency of
4.0+1.7−1.2 · 10−4 is the main limiting factor.
3. The collection efﬁciency is now limited by the quality of the non-stick coat-
ing. Improving this will result in an estimated factor of 100 higher collection
efﬁciency.
Comparison and outlook
Because the ﬁnal efﬁciency depends strongly on the number of bounces we made an
extensive search in the literature to see what one may expect and how a 1% collection
efﬁciency can be achieved with a neutralizer based vapor MOT setup. In table 4.11 a
compilation of the most relevant experimental parameters is listed for high efﬁciency
trapping experiments.
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Some of the entries of the table need some clariﬁcation, we discuss brieﬂy each
experiment. For the Cs experiment the expected collection efﬁciency, based on the
capture velocity and number of bounces, is a factor of 18 higher than measured
experimentally. This is also not understood by the authors [230]. We use here the
direct measured value. It is possible that either their reported collection efﬁciency is
higher than in reality, or their number of bounces is higher than measured.
For the 210Fr experiment the number of bounces was only measured in a test setup.
The authors estimate a single pass trapping efﬁciency of about 10−5, assuming a
thermalization factor of 6 we calculated the number of bounces.
For the 221Fr experiment the number of bounces is not derived. However, the
average time the atoms spend in the cell is known to the authors. At room temperature
the mean velocity is 168 m/s, combined with the average distance of 2/3 times 4.4
cm inner diameter of the trapping cell (equation B.5), gives an estimated average
amount of 3.6 · 103 bounces for the average residence time of 630(40) ms.
For the 37,38mK TRINAT experiment at TRIUMF, the number of bounces is not
mentioned. However, they describe the cell geometry in detail [72]. It is a cube with
an edge of 5 cm and three holes of 6 mm diameter. The cell has no tubes attached to
it and is placed inside a vacuum chamber. An atom exiting is thus practically lost for
the trapping process. Based on relative exit area, the number of bounces is expected
to be in the order of 180. In the second MOT chamber, a population of about 5000
trapped 38mK (t1/2 = 0.92 s) atoms is maintained [292]. With a transfer efﬁciency
of 75% and a 38mK production yield of 8.7 · 106 for a 1.1 μA beam current [72], this
gives an estimated efﬁciency for the target to the collector MOT of order 6 ·10−4. With
the same dual MOT setup also 80Rb has been trapped and transferred [74, 293, 294].
In these references only two numbers are mentioned which give an indication of the
overall efﬁciency: 2 · 109 ions/s are extracted from the target and about 2 · 106 atoms
are continuously trapped in the collector MOT. Assuming a trap lifetime of about 1 s,
this gives an overall efﬁciency of 10−3.
The high number of bounces reported for the 209,210Fr experiment was based on
measurements with Rb, without a neutralizer device being present. It is possible that
during the beam time the coating quality degraded due to the hot neutralizer [231].
The best collection efﬁciency is achieved with the 210Fr setup, but it did not have
a neutralizer and the exits were also closed to prevent loosing the atoms from the
trapping volume. The top three best performing experiments all have a proper working
non-stick coating. It can also be concluded that a setup with a Zeeman slower does
not necessarily give a better overall efﬁciency.
Using the cubic cell setup a state-of-the art high efﬁciency MOT can be established
by improving on two points:
• A non-stick wall coating, bringing the number of bounces from 1 to 500 and
increasing εcol with a factor 100 (see section 3.6).
• Improving the capture velocity by going from the current peak intensity per
beam of 0.2 s0 to an intensity of 1 s0 over the whole laser beam area.
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Further, the RFQ might be operated in a more efﬁcient way for 21Na, resulting in an
increase of the transport efﬁciency with maximally a factor 3. Additionally, the usage
of the RFQ instead of the drift tube will remove 23Na from the ion beam.
If we only include the expected improvement from the number of bounces, this
measure would result in a projected collection efﬁciency of εcol = 1% and an overall

































































































































































































































































































































































































































































































Double MOT transfer of 23Na atoms
As demonstrated in chapter 2 and 3 the requirements for a high collection efﬁciency
Magneto Optical Trap (MOT) setup are incompatible with the conditions for a meas-
urement of the β-decay correlations of 21Na. A high collection efﬁciency critically
depends on the degree of enclosure of the atom vapor with a coated glass surface,
which prevents sticking of the atoms, and allows only for small exit areas. The presence
of particle detectors which reconstruct the decay kinematics as well as the need for a
high pumping speed to ensure long trap lifetimes for the correlations measurements
requires a second, spatially separated atom trap for the decay measurement to which
the atoms are transferred.
In our case the atoms are collected in the collector chamber (CC) MOT, which is
described in chapter 4. The science chamber (SC) MOT system, situated 69 cm away,
is surrounded by particle detectors which have been setup to reconstruct the full decay
kinematics [69]. The main goal of this chapter is to characterize and optimize the
transfer from the collector chamber to the science chamber using stable 23Na atoms
and to identify possible improvements to achieve the projected transfer efﬁciency of
50% for 21Na.
We discussed in section 2.9 the advantages and disadvantages of possible transfer
strategies. We chose in our experiment to set up the resonant pulsed transfer, combined
with an intermediate cooling stage. In this approach the trapped atoms in the CC
MOT are accelerated by a short resonant laser pulse and recaptured by the SC MOT.
Additionally, the atoms are cooled by an optical funnel (a two dimensional MOT). The
funnel compresses and cools the pushed, heated atom cloud and therefore enhances
the transfer efﬁciency. This transfer method is the preferable method for Na and has
been used to demonstrate for 41K a transfer efﬁciency of 78% and 40% over a distance
of 78 cm with and without two funnel stages, respectively [259].
The transfer process can be described in three steps: push, funnel and recapture,
which is sketched in ﬁgure 5.1. A typical sequence is as follows. First the intensity of
the CC MOT beams is decreased by a factor of almost 200 within 1 ms, to prevent
that the CC MOT counteracts the pushing process. The push beam is switched on
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Figure 5.1: The scheme of the atom transfer. The initially mm size trapped atom cloud expands to
several cm during the transfer. During the pushing phase the CC MOT intensity is decreased. The
ﬁgure is not to scale.
and the trapped atoms are accelerated with 4 · 105 m/s2 to a velocity of 10 m/s. The
acceleration takes 25 μs and the atoms are then 125 μm away from the initial position.
The second step is the compression and cooling by the funnel section. The time the
atoms spend in the funnel section depends on the push velocity. The third step is the
recapture of the atoms in the SC MOT.
The main parameters that determine the transfer efﬁciency can be understood
from a numerical simulation of the transfer process. The results are summarized in
ﬁgure 5.2. In this ﬁgure the atom cloud diameter and transfer efﬁciency are shown
as function of the push velocity. The calculations assume the expansion of a heated
atomic cloud as will be explained in detail later. The capture velocity and the beam
diameter of the SC MOT determines the fraction of the pushed atoms that can be
recaptured. As a ﬁrst conclusion we see that for a high transfer efﬁciency a push alone
is insufﬁcient to achieve the desired 50% transfer efﬁciency. We will come back to this
ﬁgure in section 5.3.
This chapter begins with an overview of the setup used to transfer the atoms in
section 5.1. Then the transfer method is described in more detail and in this way we
transferred for the ﬁrst time atoms between the two chambers, which is described in
section 5.2. Section 5.3 discusses the optimization and characterization of our transfer
method, the alignment of the push beam, its intensity and duration were varied. The
chapter ends in section 5.4 with the obtained transfer efﬁciency and possible strategies
to enhance it to achieve the projected transfer efﬁciency of 50%. As a ﬁrst step towards
this goal an improvement of transfer efﬁciency using a push beam only was achieved
by using a funnel.
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Figure 5.2: The size of the atom cloud at the SC MOT position for a push beam and a funnel at
22 cm (left axis), the shaded area indicates the initial temperature of 240+240−120 μK. The transfer
efﬁciency (right axis) of a push beam without or with either a molasses or a funnel. The laser beam
diameter in the receiving SC MOT is taken to be 17 mm is (dotted line).
5.1 The double MOT system characteristics
We start with discussing the main experimental parameters of the double MOT system.
The optical layout can be found in ﬁgure 5.3. The Spectra Physics Dye laser laser
generates the laser light for the double MOT system and the push beam. The laser is
frequency locked to an amplitude modulated spectroscopy setup. An EOM generates
sidebands at 1712 MHz and provides the repump power. The CC MOT setup is
operated in the cross glass cell with three retro-reﬂected beams. The SC MOT is
operated in a collimated single beam conﬁguration.
The light for the push beam is switched on and off using an AOM and is frequency
shifted by +40.0 MHz. The push beam is linearly polarized and has a maximal push
power of 14.3± 5 mW. The push beam is aligned on the atom cloud by maximizing
the pushing effect in continuous mode. By steadily going down in push power a
minimal push power is found. This alignment is used as a starting point for further
optimizations.
The non-diffracted beam of the AOM passes a Pockels cell. During the pushing



































Figure 5.3: The optical layout of the double MOT system with the push beam for the cross cell
setup.
phase, the CC MOT beam intensity is decreased within 1 ms by a factor of 190 by
switching the voltage on the Pockels cell, which rotates the linear polarized light by
90◦. The diverted light is used for the funnel section, which is used in a single beam
2D MOT conﬁguration. A quadrupole ﬁeld gradient is formed by four wires in a hair
pin conﬁguration. Two pairs of coils in Helmholtz conﬁguration give an offset ﬁeld.
Attenuators in front of the beam expander of the funnel section can decrease the laser
intensity. The main settings of the double MOT system are summarized in table 5.1.
The laser intensity and detuning are used to calculate the scattering rate of a single
atom from the push beam. As can be seen from table 5.1 the minimum intensity of
the push beam to push the atoms away continuously is comparable to the intensity
of the MOT beams. This can be expected as the detuning of the counterpropagating
MOT beam differs by a minus sign from the detuning of the push beam. If both beams
have the same intensity the push beam is accelerating the atoms until they have a
Doppler shift of 2Γ (corresponding to 12 m/s). The cloud temperatures of both MOT
systems have not been measured but are assumed to be around the Doppler limit of
235 μK [151], which corresponds to a one-dimensional Gaussian spread of 0.3 m/s
and to an average velocity of 0.5 m/s.
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Table 5.1: Summary of the double MOT and the push beam parameters. The minimal push
intensity is the required intensity in continuous mode to push the MOT cloud away from the MOT
system which is operated with the normal intensity. The saturation intensity for isotropic polarized
light of the MOT is s0 = 13 mW/cm
2 for the F = 2→ F ′ = 3 transition, for the linearly polarized
push light s0 = 11 mW/cm
2 [151].
Property CC Push Funnel SC
MOT beam MOT
Laser beam 1/e2  (mm) 15 2.0± 0.2 95 17
Maximal intensity (s0) 0.3 70± 10 1/300 0.7
Intensity during pushing (s0) 0.002 - 0 -
Push intensity threshold (s0) 0.35 - - 0.81
Field gradient (Gauss/cm) 25 - 8 21
Laser detuning S1/2(F = 2)-P3/2(F = 3) -2Γ 2Γ -2Γ -2Γ
As we are interested in the absolute transfer efﬁciency we brieﬂy discuss the
possible systematic errors involved in the determination of the number of trapped
atoms. The dominant systematic uncertainty for the transfer efﬁciency measurement
is the absolute peak laser intensity at the MOT position. The second dominant effect is
the absolute laser frequency. The CC MOT cloud temperature and the capture velocity
of the SC MOT depends on the laser detuning. The alignment of the SC MOT was
not as stable as the CC MOT, due to the single beam design of the SC MOT. A slight
change in optical alignment made the MOT disappear. Vibrating, sharp fringes close to
the MOT position were clearly visible. The SC MOT cloud position also shifted several
mm as function of the laser detuning, indicating a signiﬁcant intensity inbalance.
The CC MOT operated much more reliable and did not show these problems. An
improvement of the SC MOT would therefore improve the transfer measurement
stability and systematic studies.
We swapped the Photo Multiplier Tubes (PMTs) of the SC and CC MOT detection
systems. The thresholds of the discriminators of the PMTs were the same. The MOT
related count rates did not change signiﬁcantly. The laser intensity was stable at the
few % level, which is also sufﬁciently stable for our purposes.
5.2 Double MOT transfer using a resonant push beam
We transfer the atoms between the two MOT systems by accelerating the trapped
atoms with a pulsed, near resonant laser beam and recapturing them in the second
MOT setup. The atoms are captured if they are within the MOT volume and if their
velocity is below the capture velocity of the MOT. Due to the temperature of the atom
cloud the initial velocity is non-zero. In the push direction the velocity is the product
of the number of photons scattered during the pushing phase and the recoil velocity.
In all three directions the initial velocity spread is enlarged due to the heating from
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pushing process. Most relevant is the heating in the transverse direction, as it directly
affects the transfer efﬁciency.
Experimental observation of pushed atoms
We will now describe two measurements of the pushing process in the CC MOT. To
determine the fraction of atoms that is pushed away from the CC MOT, we look at
the ﬂuorescence rate just after the push pulse has been applied for two different push
times of 10 μs and 40 μs. The result of these measurements are shown in ﬁgure 5.4
and ﬁgure 5.5, respectively. When the push beam is switched on we lower the CC
MOT beam intensity to avoid that the CC MOT recaptures the pushed atoms. For the
trapping beam in the CC MOT of 15 mm diameter and a pushing speed of 7.5 m/s the
minimal time in which the MOT beam intensity has to be lowered is 2 ms. When the
MOT beam intensity is reduced the ﬂuorescence rate drops to nearly zero. When the
MOT beams return back to normal laser intensity two different sequences evolve. For
the short push pulse the ﬂuorescence increases in a few ms, then the MOT reaches its
saturation ﬂuorescence level with the time constant of the MOT lifetime (drawn curve
shows the exponential loading curve). For the long push of 40 μs only the standard
loading curve can be seen. Thus in the latter case all atoms were removed, while in
the former case about 38% was recaptured.
This type of measurement in fact provides a way of measuring the escape velocity.
The escape velocity is directly related to the capture velocity via equation A.5. However,
we did not perform such a measurement ourselves, as we realized this during the data
analysis process, after the experiments were done. The idea to measure the escape
velocity by using a push beam, has been ﬁrst been implemented by Aubin et al. [81].
They determined for a 85Rb MOT an escape velocity of about 20 m/s (or a capture
velocity of about 28 m/s).
Experimental observation of the recapture process
After the acceleration by the push beam, the atoms ﬂy towards the SC MOT region.
When the atoms enter the SC MOT laser volume, they start to ﬂuoresce. Either the
atoms are slowed and trapped, or they leave (slowed) the trapping volume. We make
the approximation that only the velocity distribution of the pushed atoms determines
the time dependence of the ﬂuorescence rate in the receiving MOT. We assume that
the inﬂuence of the slowing process, which happens on the timescale of the order of
ms, is either negligible or effectively broadens our observable. With this simple model
we extract the mean and width of the velocity distribution of the pushed atoms.
The initial velocity distribution in the MOT cloud is described by a Maxwell-
Boltzmann distribution, each of the three components is Gaussian distributed. The
scattering of N photons from the push beam results in a ﬁnal velocity along the push
beam direction of
v = Nvr , (5.1)
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Figure 5.4: A single trace of the PMT count rate signal from the CC MOT for a push pulse duration
of 10 μs. The inset shows the signal during the ﬁrst 25 ms. About 40% of the atoms are re-trapped
by the MOT after being accelerated by the push beam. The ﬂuorescence rate to the number of
trapped atoms conversion factor is 45 counts/s/atom.
Table 5.2: Summary of the data in ﬁgure 5.6.
Observable Value
Background count rate 736± 3 · 103 1/s
Mean velocity v 8.9± 0.1 m/s
Velocity spread σ 1.1± 0.1 m/s
Number of trapped atoms SC MOT NSC 1.1± 0.4 · 104
Number of pushed atoms CC MOT NCC 6.0± 2 · 105
Transfer efﬁciency ε= NSC/NCC 1.8± 0.5%
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the recoil velocity, which for Na is 2.95 cm/s. The pushing process
increases the initial velocity spread. A random walk of N steps in three dimensions






















Assuming that the atoms start ﬂuorescing, after being slowed, in the MOT cen-

























with v the push speed and NSC the number of atoms captured by the SC MOT.
In ﬁgure 5.6 the ﬂuorescence signal as recorded by the SC MOT detection system is
shown for a push time of 17.5 μs and a push beam power of 14 mW. Four parameters
are ﬁtted to the data: the constant background due to stray light and equation 5.3
with three parameters. The ﬁt results of the latter are summarized in table 5.2.
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Figure 5.6: The recorded PMT ﬂuorescence in the SC MOT setup, due to the arrival of a single shot
of transferred atoms. The data is ﬁtted by equation 5.3, on top of background due to stray light.
The ﬂuorescence rate to the number of trapped atoms conversion factor is 167 counts/s/atom. The
ﬁt parameters are tabulated in table 5.2.
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Dependence of the push velocity on the push beam duration
To predict the mean velocity for a total laser detuning δ and power s0 (in units of the
saturation intensity), we integrate the acceleration a(t, v) due to scattering photons





The velocity dependent acceleration constant is given by the recoil velocity times the
scattering rate, equation 2.1,




1+ s0 + 4(δ/Γ)2
. (5.5)
By integrating this acceleration we take into account the changing Doppler shift during
the acceleration.
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Figure 5.7: The mean speed of the pushed atoms as function of the push beam duration (squares)
and the numerical calculation (circles). The linear ﬁts determine the acceleration and the offset in
velocity.
We compare this to the measurements shown in ﬁgure 5.7 for a push power of
14 mW. A linear ﬁt to the data results in an offset velocity of 1.3± 0.4 m/s and an
acceleration of 4.3± 0.2 · 105 m/s2. For the calculated data we ﬁnd an acceleration of
4.2·105 m/s2 and an offset velocity of−0.3 m/s. The acceleration found experimentally
agrees well with the calculated value. The origin of the offset is not known. It might
be related to movement of the MOT cloud during the extinction of the MOT laser
intensity, or due to an overall time delay of 3 μs in the electronics.
Dependence of the push velocity on the push beam intensity
The acceleration depends on the push power (equation 5.5). In ﬁgure 5.8 the experi-
mentally found dependence of the mean velocity on the push beam intensity is shown.
The push time was kept constant at 22.5 μs. In section 5.3 we observed an offset in
the velocity of the atoms of 1.3± 0.4 m/s. The error band of the calculation is due to
the uncertainty in the offset velocity. The calculation is in reasonable agreement with
the data, although it is on one side of the data. At the highest push power of 14 mW
the mean velocity is robust against power ﬂuctuations, the mean velocity changes by
20% while the push power varies between 3 and 14 mW.
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Figure 5.8: The measurement of the mean velocity of the transferred atoms as function of the push
beam intensity with the calculation (curve).
Velocity spread of the pushed atoms
In ﬁgure 5.9 we plot the spread in the longitudinal velocity. The large errors for
velocities larger than 12 m/s are due to asymmetry in the arrival signal. Most probably
this is due to the asymmetry in the recapture efﬁciency around these velocities. The
lower part of the velocity distribution of the pushed atoms is still recaptured, the
higher part less efﬁcient as it exceeds the capture velocity. The origin of the overall
large discrepancy is unknown at the moment, the velocity spread is signiﬁcantly
larger than expected. A possible explanation could be that the recapture process
effectively broadens the arrival of the atom distribution, i.e. that our assumption that
the recapture process can be neglected might not be valid (see section 5.2). A more
precise determination of the velocity spread will be obtained when the atoms are not
recaptured, but are detected for example using a weak adsorption beam [165].
Dependence of the transfer efﬁciency on the push velocity
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Figure 5.9: The velocity spread in the push direction. The solid line is the calculation, based on an
initial MOT cloud temperature of 240+480−160 μK and recoil-induced heating from the push beam.
No extra heating is caused by stimulated emission as only one laser beam is present
during the push process [48], therefore we do not pay attention to this mechanism.
The atom cloud size after traveling a distance d between the MOTs can be described
with the width
σx = σy = σv
d
v
= d tanθ . (5.7)
The fraction of a two dimensional Gaussian beam with a 1/e2 diameter a (or σx =
1/2a) through a circle of diameter l is
εr = (1− e−2(l/a)
2
)≈ 2(l/a)2 +  ((l/a)4) = 1
8
(l/σx)
2 +  ((l/σx)4) . (5.8)















The difference which can be expected based on their mass and wavelength between
23Na and the other alkaline atoms is given in table 5.3, the recoil velocity is equal to
h/(mλ). As the inﬂuence of the MOT temperature (assuming the Doppler limit) is
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Table 5.3: The scaling of the transfer efﬁciency, equation 5.9, with the mass of the push atom, for
a ﬁxed push velocity v = 25 m/s and a MOT cloud cooled to the Doppler temperature limit. The
values for mλ are normalized to the value of 23Na.
Isotope 7Li 21Na 23Na 41K 87Rb 133Cs 210Fr
mλ 0.40 0.91 1.0 2.3 5.0 8.4 11
3v20
vvr
0.24 0.35 0.35 0.27 0.28 0.27 0.33
more-or-less the same for the alkaline metals and the wavelength is also not much
different, the transfer efﬁciency is indeed larger for larger mass.
In ﬁgure 5.10 the transfer efﬁciency is plotted as function of the velocity of the
push atoms. The transfer efﬁciency is the ratio of the number of trapped atoms in the
SC MOT and the number of atoms in the CC MOT which were pushed away. Now
we consider what dependence we expect theoretically. The spatial dependence is the

































(v20+vvr /3) . (5.11)




is the velocity corresponding to the
initial temperature T0. The acceleration due to gravity is g, the laser capture area is





































This expression describes the spatial dependence of the transfer efﬁciency function.
To include the velocity dependence in the model, we introduce a cut-off velocity with
a Lorentzian lineshape with FWHM Γ,
ε(v, v0, vb,Γ) = εr(v, v0)
⎛
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Figure 5.10: The transfer efﬁciency measurement, the data is ﬁtted with equation 5.13 with
R= 15 mm.
with H(v) the Heaviside step function. The cutoff velocity vb is a lower bound for the
capture velocity, as the maximum transfer efﬁciency is higher. The ﬁt parameter δ0 is
the Doppler shift of the atom.
In ﬁgure 5.10 we also show the experimental data. The ﬁt to the data is equation
5.13 with three free parameters. The ﬁt value for the CC MOT cloud temperature is
310± 60 μK. The ﬁtted value for the cutoff velocity is 9.6± 0.3 m/s, the Lorentzian
width is 9± 1 MHz.
For the 41K double MOT experiment by Swanson et al. [259] we can compare
their experimental values and our calculations using equation 5.9. For a distance of
48 cm they report a transfer efﬁciency of 55± 9%. Our model, assuming a MOT cloud
temperature of the Doppler limit predicts for this setting 63%. For a distance of 75 cm
they ﬁnd 40± 5%, our calculation is 33%. For the same distance the push beam is
aligned 8 mm below the MOT and due to the worse overlap the efﬁciency drops to
21± 3%, where we expect 23%.
We conclude that the calculations of the model agree well with the experimental
data for the push speed and the transfer efﬁciency. The observed velocity spread in
the push direction is signiﬁcantly higher than expected, but this most probably due
to the detection method. Maximally 2.7± 0.5% is transferred at a push velocity of
10.5 m/s. Both the capture velocity of the receiving SC MOT as well as the transverse
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temperature of the pushed atom cloud currently limit the transfer efﬁciency.
In section 2.5 we presented a model which allows us to calculate the capture
velocity of a MOT system. We apply the method here to the SC MOT system. We use
an effusive oven as a source of atoms and determine the loading rate of the MOT as
well as the vapor pressure of sodium. For the SC MOT the time constant to trap 8 ·104
atoms is 3.7 s. The MOT lifetime is 5.3 s when the atom source is off and the MOT is
loaded from the push beam. The number of trapped atoms is thus a factor of 3 lower
due to the background collisions other than Na (equation 2.13). The temperature
of the source is estimated to be about 50 ◦C. Equation 2.21 gives then a calculated
capture velocity of 7 m/s and a collision cross section of σ = 15 · 10−14 cm2. The
value for the capture velocity is considerable lower than the 10.5 m/s we found as the
optimal value for the transfer.
For Na it might be that the value for σ is actually larger than calculated (see table
2.1). Setting σ to 100 · 10−14 cm2 gives vc = 10 m/s, in good agreement with the
optimal push velocity of 10.5 m/s we observe here.
Transverse cooling of the pushed atoms
In ﬁgure 5.2 we already gave an outlook on the discussion about transverse cooling.
The upper band in that ﬁgure indicates the 1/e2 diameter of the atom cloud at the
SC MOT position as function of the push speed of the atoms for a transfer distance
of 69 cm. The bands represent the three initial MOT cloud temperatures, higher
temperatures correspond to larger atom cloud sizes.
The lower band indicates what would happen with a transverse cooling stage after
22 cm, bringing the transverse temperature back to the initial value and compressing
spatially to a zero cloud size. The dashed line indicates the 17 mm laser beam diameter
of the SC MOT, for this diameter the transfer efﬁciency is plotted on the right axis. A
smaller cloud size corresponds to a higher transfer efﬁciency.
Higher transfer efﬁciencies can clearly be obtained by applying transverse cooling.
To achieve a 60% transfer efﬁciency a capture velocity of 25 m/s and a laser beam
diameter of 10 mm are sufﬁcient. To achieve a 50% transfer efﬁciency for 21Na, the
transfer efﬁciency for 23Na has to be about 55%, see table 5.3. As other factors are
more uncertain we ignore this 10% effect here. By comparing ﬁgure 5.11b to ﬁgure
5.11a it is clear that transverse cooling and spatial compression would improve the
transfer efﬁciency drastically.
We tried to improve the transfer efﬁciency by using the funnel, see ﬁgure 5.12 for
the result. We observe an improved transfer efﬁciency of about a factor of 2 over the
highest efﬁciency of about 2.7% obtained in section 5.3. Note that about 20% can be
expected here, see ﬁgure 5.2. The magnetic ﬁeld gradient of the funnel quadrupole
coil was 8.0 Gauss/cm (both axes). For the funnel magnetic the correction coils were
necessary and were producing an offset ﬁeld of 1.5 and 1.4 Gauss, respectively. The
peak laser beam intensity (1/e2 diameter of about 95 mm) was 40 μW/cm2 (a factor
of 300 below saturation intensity), the beam was limited by the viewports of 38 mm.
The laser light was on for 35 ms in the funnel section and the push time was 22.5 μs.


































































(b) Push beam and after 22 cm transverse cooling to 240 μK and spatial compression.
Figure 5.11
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Figure 5.12: A ﬁrst attempt to improve the transfer efﬁciency using the funnel. The data is ﬁtted
with equation 5.3. The ﬁt parameters are tabulated in table 5.4.
Table 5.4: Summary of the data in ﬁgure 5.12.
Observable Value
Background count rate 998± 4 · 103 1/s
Mean velocity v 9.5± 0.1 m/s
Velocity spread σ 2.1± 0.1 m/s
Number of trapped atoms SC MOT NSC 2.9± 1 · 104
Number of pushed atoms CC MOT NCC 6.2± 2 · 105
Transfer efﬁciency ε= NSC/NCC 4.8± 1.3%
The efﬁciency critically depended on the laser power, going higher decreased
the efﬁciency. We could not check whether we could improve on this point using a
different combination of magnetic quadrupole ﬁeld, offset ﬁelds and laser power, as
with the funnel the transfer was not stable enough.
For this push speed, the atom cloud diameter at the position of the funnel (at 22
cm) is about 35 mm, see ﬁgure 5.2. The magnetic ﬁeld at this radius was thus about 13
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Gauss (equation 3.4), the corresponding Zeeman shift is about 19 MHz. The photons
scattered per atom per beam were, using equation 2.1, at this radius maximally about
300 photons and in the center about 20 photons. A 10% inbalance in the scattering
rate per beam results then at the SC MOT position in a net displacement of 3 mm to 6
cm, which is considerable compared to the atom cloud size of about 11 cm. The size
of the magnetic ﬁeld correction also gives in indication. In both directions about 1.5
Gauss had to be applied, which corresponds to a 3 MHz Zeeman shift. At the SC MOT
position this results in a displacement of about 4 cm, which is also considerable.
We conclude that the improvement in the transfer efﬁciency might indeed be
attributed to (a combination of) cooling and spatial compression in the funnel stage.
There are also clear indicators that the funnel is operating far from optimal and
might be unbalanced. This might be due to power imbalances, the degree of circular
polarization, misalignment or offsets in the magnetic ﬁeld.
5.4 Conclusions
For a resonant push beam, the push beam parameters (detuning, intensity, duration)
essentially only inﬂuence the push velocity of the atoms. The present double MOT
transfer efﬁciency over a distance of 69 cm is 2.7± 0.5%, for a push speed of 10.5
m/s. Our calculations for the expected transfer efﬁciency are in good agreement with
this value as well as transfer efﬁciency measurements from another experiment. In a
ﬁrst attempt with a funnel we improved the transfer efﬁciency to 4.8± 1.3%, with
more effort about 20% can be reached.
Two essential steps have to be made to achieve a 50% transfer efﬁciency: increasing
the capture velocity of the receiving MOT and transverse cooling of the pushed atom
cloud using the existing funnel setup. It is feasible to increase the capture velocity
of the SC MOT to 25 m/s, as Marcassa et al. showed for our conditions a capture
velocity of 27 m/s [159, 161]. The present funnel setup has to be carefully balanced
and aligned to achieve proper cooling and spatial compression. When the funnel has
been characterized, the quadrupole ﬁeld gradient can be generated by permanent
magnets instead of the present hairpin conﬁguration to simplify the setup, see section
3.7.
Another possibility, that we learned about during the ﬁnal phase of this research,
is to duplicate the successful approach used by Rowe et al. [68] at Berkeley for their
21Na experiment (see also section 2.9). Instead of using a funnel to enhance the
transfer efﬁciency, they used a magnetic guide created by three permanent magnets.
In this way 80% transfer efﬁciency over 51 cm was achieved, for a push velocity of 11
m/s. To implement this scheme, permanent magnets have to be installed along our
transfer line. The quadrupole ﬁeld of the collector MOT has to be quickly switched off
and a small bias magnetic ﬁeld has to be switched on. A circular polarized push laser
beam optically pumps the atoms to a low ﬁeld seeking magnetic substate. When the
adiabatic conditions are fulﬁlled, the magnetic moments follow the changing magnetic
ﬁeld when entering the magnetic guide. For for example a hexapole conﬁguration the
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magnetic ﬁeld is zero in the center and increases radially. The atoms are therefore
conﬁned during the transfer process.
With a very simple measurement scheme the escape velocity of the CC MOT,
which is proportional to the capture velocity (equation A.5), can be determined using
our push beam method. The capture velocity dependence of the MOT on detuning,
intensity and laser diameter can be deduced in this way. Knowledge of the capture
velocity is beneﬁcial for achieving a high transfer efﬁciency as well as for achieving a




6.1 Steps towards β-decay correlation measurements in 21Na
A high-precision measurement in β-decay is one of the possibilities to search for
physics beyond the Standard Model (SM) of particle physics. A measurement of
various correlations parameters of the 21Na decay with a precision of 10−4 will result
in competitive constraints on some possible extensions of the SM. In addition, the
study of β-decay of mirror nuclei adds to a more precise determination of the Vud
quark mixing matrix element [17].
We reviewed the status of different β -decay experiments in chapter 1. Our conclu-
sion is that for studying β -decay, trap experiments have most potential as they offer a
point-like source and are substrate free. Contrary to experiments which do not use
particle traps, systematic effects do not yet limit the precision. However, the difﬁculty
of trap experiments is on acquiring statistics.
To obtain sufﬁcient trapped 21Na atoms, we use a dual Magneto Optical Trap
(MOT) system which is coupled to the TRIμP production and separation facility. In
the ﬁrst MOT system the ions are neutralized and are trapped after being evaporated.
The atoms are then transferred to the second MOT, which provides a background free
environment for the β -decay correlation measurements.
The aimed precision of 10−4 for the measurement of the correlations results in an
efﬁciency budget for the production, collection, transfer and the β-decay detection
stage. In this thesis we focus on how to achieve for 21Na a collection efﬁciency of
1% for the ﬁrst trap and for the trapped atoms a transfer efﬁciency of 50% into the
second trap. Besides experiments with 21Na, commissioning experiments have been
done using the stable 23Na isotope.
6.2 Collection efﬁciency of 21Na and 23Na
In chapter 2 we discussed the relevant processes for the collection efﬁciency of a
MOT system in detail. The collection efﬁciency is the product of three independent
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parameters: the single pass capture efﬁciency of the MOT, the average number of
times the atoms pass the trap volume and the ion-to-atom conversion efﬁciency. In
chapter 4 we discussed the experiments determining the collection efﬁciency and
identiﬁed possible improvements.
The crucial factor for the capture efﬁciency is the capture velocity vc, the velocity
with which an atom is still captured by the MOT. The collection efﬁciency of the ﬁrst
MOT system scales with v3c . In the transfer scheme we implemented, the transfer
efﬁciency depends linearly on the capture velocity of the second MOT system. For
the current implementation the efﬁciency for the ﬁnal experiment thus depends on
v4c , when vc is equal for both MOT systems. Therefore maximizing vc is of the utmost
importance to achieve the envisioned collection efﬁciency of 1% and the transfer
efﬁciency of 50%.
We ﬁnd that the capture velocity for various MOT systems is rarely reported
(chapter 2). Using only some basic experimental observables and a simple theoretical
model, an estimate of the capture velocity can be obtained. The necessary model for
the capture and loss rate, respectively, were separately tested against experimental
data from literature. We found good agreement for both and compiled a table of
capture velocities for alkaline MOTs loaded from a vapor. From this overview we
concluded that Na has from all alkaline elements the least potential to be captured
efﬁciently. The explanation for this can be found in the details of the level structure,
which is unique among the alkaline elements.
When the atoms are not slowed and trapped by the MOT, they collide with the
cell wall and, with a high probability, stick to it. A non-stick coating prevents this.
We found that for heavier alkaline elements the requirements for the coating quality
might be less stringent than for the lighter elements. The geometry of the collector
cell should allow for a large number of trap passages. We performed a Monte Carlo
simulation to determine the number of bounces and trap passages for a cell with
a cubic shape. We compared with predictions for another experiment studying the
bouncing process and found good agreement.
We upgraded the collector MOT setup at two points: by replacing the laser system
and the glass cell. A stable solid-state based laser system, which produces up to 2.5
W of light, provides now the cooling light for the experiment. The glass cell shape
is a cube with sides of 6 cm, Monte Carlo simulations show that its shape allows
“geometrically” about 500 bounces.
To characterize our MOT system we performed ofﬂine measurements with 23Na. A
thin neutralizer foil made of zirconium was used to catch the ion beam. By heating
the neutralizer foil periodically the atoms were released. To distinguish between 23Na
just deposited and already present the ion beam is not present in all cycles. Using an
analytical model to describe the time dependence of the MOT signal, we ﬁnd that 40%
of the implanted ions were released within two seconds at a temperature of about
1100 K, in good agreement with the results found by other research groups.
We observed that Doppler background ﬂuorescence from 23Na atoms can mimick a
trap signal in the case of 21Na. For our 21Na trap signal the contribution of ﬂuorescence
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rate from untrapped 23Na atoms is about a factor of 10 smaller than the optical signal
itself and could be neglected.
With the combination of the cubic cell and the new laser system we observed
for the ﬁrst time in our experiment an optical signal from about 30 simultaneously
trapped 21Na atoms. At the end of chapter 4 we summarize all ﬁndings in table 4.9.
The MOT collection efﬁciency of (4± 2) · 10−4, determined using a 23Na ion beam,
is consistent with the value we deduced from measurements with the radio-active
21Na. For 23Na the overall efﬁciency of the setup, deﬁned as the fraction of ions which
is trapped once in the MOT, is currently (5± 2) · 10−5. The three main conclusions,
based on the experiments for the collection stage, described in chapter 4, are that :
• Preparation for the efﬁcient trapping of 21Na can be done with a stable 23Na
ion beam from the Thermal Ionizer.
• The collection efﬁciency of the collector cell MOT is currently the bottleneck
towards reaching our goal of a 1% total collection efﬁciency.
• To achieve a factor of 100 higher collection efﬁciency the quality of the anti-
stick coating can and must be improved. This will result in 1% MOT collection
efﬁciency and an overall efﬁciency of about 0.5%.
Table 4.11 compares our experiment to other high efﬁciency MOT experiments utilizing
radioactive isotopes. The overall conclusion is that by improving the number of trap
passages (and thus the number of bounces) a state-of-the-art overall efﬁciency can be
achieved.
The ion transport efﬁciency might be increased by replacing the drift tube with the
RFQ. Some increase in the single-pass capture efﬁciency can be expected by increasing
the laser intensity with a factor of 5, which is possible with the new powerful laser
system.
6.3 Double MOT transfer of 23Na atoms
To reduce background the trapped 21Na atoms need to be transferred over a distance
of 69 cm from the collector MOT chamber to the science MOT chamber. A literature
study shows that for the efﬁcient transfer atoms between two MOTs ﬁve types of
approaches have been used (chapter 2). We chose to push the atoms with a pulsed
near-resonance laser beam towards the second MOT system. To enhance the transfer
efﬁciency we installed a two dimensional MOT (funnel), which cools and compresses
the pushed atomic cloud halfway the transfer line.
We achieved a transfer efﬁciency of 2.7± 0.5% over a distance of 69 cm, using a
push velocity of about 10 m/s (chapter 5). The transfer efﬁciency scales - in leading
order - linearly with the push velocity (and hence the capture velocity vc) of the
receiving MOT system. In a ﬁrst attempt to improve the transfer efﬁciency using the
funnel, we improved the transfer efﬁciency with a factor of 1.8 to 4.8± 1.3%.
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In essence, two steps have to be made to achieve a 50% transfer efﬁciency between
the two MOT systems:
• Increase the capture velocity vc from the receiving MOT from 10 m/s to 25 m/s.
• Carefully balance the intensity of the funnel laser beams.
The low capture velocity of the current receiving MOT system is probable due to its
single beam design. Using a standard conﬁguration of three retro-reﬂected beam pairs,
which has been setup but has not been used yet, will result in a larger capture velocity.
Under similar conditions a capture velocity of 27 m/s has been demonstrated for Na
in another experiment, thus an increase of the capture velocity to 25 m/s is feasible.
The present funnel setup, which is probably inbalanced and therefore underper-
forms, has to be carefully balanced and aligned. Even with the present push velocity of
about 10 m/s, a transfer efﬁciency of about 20% is then possible. When commissioned,
the funnel section can be simpliﬁed by using permanent magnets to generate the
quadrupole ﬁeld, instead of using electromagnets.
Currently the push velocity has to be high to prevent that the pushed atom cloud
expands to a cloud larger than the laser beams of the second MOT system. A permanent
magnetic guide would prevent this and close to 100% of the atoms can expected to be
transferred. The main advantage is the simplicity and stability of the guide system
and that this scheme is very frugal with laser power. To implement this scheme the
following has to be done:
• Install a permanent hexapole magnetic guide along the transfer path.
• Push the atoms and spin polarize the sample.
6.4 Conclusion
This thesis describes two crucial steps towards the realization of a high-precision test
of the Standard Model of particle physics at low energy. The time-reversal symmetry
of the Standard Model can be tested by measuring correlations between the particles
emerging from decaying radioactive atoms. At the Kernfysisch Versneller Instituut
such a test will be performed with radioactive 21Na (sodium) atoms. To achieve a high
accuracy, the atoms are brought to nearly standstill by trapping them with laser light.
First, to reach the required precision in the ﬁnal measurement, the online produced
21Na ions have to neutralized and trapped with 1% efﬁciency. Second, the trapped
21Na atoms need to be transferred with near unit efﬁciency to a second atom trap,
which provides a shielded environment for the correlation measurements. As this
thesis shows, both envisioned efﬁciencies are within reach of the present setup.
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In 1874 informeerde de 16-jarige Max Planck, die in dat jaar aan een studie natuur-
kunde aan de universiteit van München begon, bij professor Philipp von Jolly naar
de vooruitzichten voor het veld van de natuurkunde. Het antwoord dat hij kreeg gaf
goed de tijdgeest weer:
“(...) schilderte mir die Physik als eine hochentwickelte, nahezu voll
ausgereifte Wissenschaft (...) Wohl gäbe es vielleicht in einem oder dem
anderen Winkel noch ein Stäubchen oder ein Bläschen zu prüfen und
einzuordnen, aber das System als Ganzes stehe ziemlich gesichert da, und
die theoretische Physik nähere sich merklich demjenigen Grade der Vollen-
dung, wie ihn etwa die Geometrie schon seit Jahrhunderten besitze.”∗
De jonge Planck liet zich gelukkig niet ontmoedigen door dit toekomstperspectief en
antwoordde dat hij geen nieuwe dingen hoefde te ontdekken, hij wilde de bestaande
fundamenten van de natuurkunde beter bestuderen. Planck zou in 1918 de Nobelprijs
krijgen voor zijn bijdragen aan de kwantummechanica, een baanbrekende theorie die
het gedrag van deeltjes op kleine schaal (gekarakteriseerd door de Planck constante)
beschrijft.
Nu, 138 jaar later, ligt de situatie volkomen anders. De natuurkunde bevindt zich
al dertig jaar in een ernstige crisis. Astronomische waarnemingen uit 1970 toonden
namelijk aan dat slechts 4% van de massa en energie in het universum bestaat uit
voor ons bekende deeltjes. De overige 96% bestaat uit mysterieuze donkere materie
en energie.
Het fundament van de huidige natuurkunde wordt gevormd door vier krachten.
Het “Standaardmodel” verenigt drie van deze krachten in één enkele beschrijving.
∗Uit [296]. Vrij vertaald: “(...) schilderde mij de natuurkunde als een hoogontwikkelde, bijna volledig
gerijpte wetenschap (...) Waarschijnlijk zou er hier en daar nog wat uit te zoeken zijn, maar het systeem
als geheel is solide en de theoretische natuurkunde benadert merkbaar de graad van compleetheid, zoals
bijvoorbeeld de geometrie deze al sinds eeuwen bezit.”
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De eerste kracht betreft de wisselwerking tussen elektrisch geladen deeltjes (elektro-
magnetisme). De tweede kracht zorgt voor het radioactieve verval van deeltjes, zoals
dat bij een radium deeltje plaatsvindt. De derde kracht vormt bindingen tussen
geladen quarks, elementaire deeljes waaruit protonen en neutronen zijn opgebouwd.
De neutronen en positief geladen protonen vormen de kern van een atoom. Om
de kern heen bewegen negatief geladen elektronen. Voor een neutraal atoom is het
aantal electronen gelijk aan het aantal protonen. Het Standaardmodel heeft uiterst
nauwkeurige experimentele testen van elk van deze drie krachten doorstaan.
De algemene relativiteitstheorie van Albert Einstein beschrijft de bekendste, vierde
kracht: de zwaartekracht. Het blijkt vanwege diepgaande redenen onmogelijk het
Standaardmodel uit te breiden met de zwaartekracht. Een nieuwe, overkoepelende
theorie, die alle vier de krachten beschrijft, zal nieuwe deeltjes en krachten introduce-
ren. Deze zouden ook de bron zijn van de donkere materie en energie kunnen zijn. Er
zijn een groot aantal verschillende benaderingen en kandidaattheorieën die claimen
de huidige problemen te kunnen oplossen.
Eén van de mogelijke manieren om onderzoek te doen naar de vraag, welke van
de nieuwe theorieën de juiste is, is door precisiemetingen te doen aan het radioactieve
verval van natrium 21 (21Na) atomen†. Deze metingen aan het tweede type kracht
kunnen licht werpen op schending van fundamentele symmetrieën. De mate van
schending van deze symmetrieën is verschillend voor de kandidaat opvolgers van
het Standaardmodel en de relativiteitstheorie. Op deze manier kan er onderscheid
worden gemaakt tussen theorieën of ze worden minder ingeperkt in hun keuze van
bepaalde constantes.
In het 21Na experiment is het doel om nauwkeurig correlaties tussen de vervals-
produkten te meten, die vrijkomen bij het radioactieve verval van het 21Na atoom.
Deze vervalsprodukten zijn een neutrino (een neutraal deeltje met een zeer kleine
of zelfs geen massa) en een positief geladen electron: een positron. Het positron
kan makkelijk worden gedetecteerd. Detectie van het neutrino is zeer lastig, daarom
zal de richting en snelheid (de impuls) van dit deeltje indirect worden gemeten. De
snelheden van de vervalsprodukten zijn groot vergeleken bij de initiële snelheid van
het 21Na atoom in een atoomval. Omdat bij het 21Na bijna stil staat als hij vervalt is de
impuls nagenoeg nul. Vanwege het behoud van impuls is de impuls van het neutrino
deeltje dan te bepalen door én de impuls van het positron én van de dochterkern te
meten.
Dit proefschrift beschrijft de voorbereidende stappen van een dergelijk experiment.
Om een hoge precisie te bereiken in metingen worden radioactieve atomen ingevangen
in een atoomval. Deze atoomval bevindt zich in vacuüm en bestaat uit een combinatie
van zes laserbundels en een magneetveld. Voor een dergelijk precisie-experiment
is het noodzakelijk dat er genoeg 21Na atomen beschikbaar zijn om het experiment
mee te doen. Het belangrijkste concept in dit proefschrift is dan de efﬁciëntie van de
†Elementen verschillen in het aantal protonen. Isotopen van een element verschillen in het aantal
neutronen van elkaar. Het getal bij een isotoop geeft de som van het aantal protonen en neutronen aan.
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processen waarbij de radioactieve deeltjes bij betrokken zijn: de fractie van de deeltjes
die een proces ingaan en overblijven in de juiste toestand.
De hoogste productiesnelheid van de radioactieve 21Na deeltjes, zoals we die op
het KVI kunnen bereiken, is relatief laag voor onze doeleinden. De invangstefﬁciëntie
in de eerste atoomval, de transportefﬁcëntie naar een tweede atoomval en de detectie
efﬁëntie van het verval bepalen samen of het mogelijk is om een experiment te doen
binnen een realistisch tijdplan. Het doel van dit proefschrift is het vaststellen van
en het zo hoog mogelijk maken van twee efﬁciënties: de invangstefﬁciëntie in de
eerste atoomval en de transportefﬁciëntie van de eerste naar de tweede atoomval‡.
De gewenste invangstefﬁciëntie van de atomen is 1%, voor het transport is dit 50%.
Dit moet met deze efﬁciënties gebeuren om het experiment binnen een paar dagen
met de gewenste precisie te kunnen doen, met de productie methode zoals die we op
het KVI gebruiken.
De 21Na deeltjes worden geproduceerd door een bundel snelle neon 20 (20Ne)
deeltjes uit de AGOR versneller van het Kernfysisch Versneller Instituut (KVI) te laten
botsen met cel gevuld met deuterium gas (waterstof met één extra neutron). Omdat we
Figuur 6.1: Een koud wolkje gevangen Na ato-
men (het gele stipje, aangegeven door de rode pijl)
in de glazen kubus. Linksboven een gedeelte van
het detectiesysteem dat het licht, uitgezonden door
de atomen verzamelt. Linksonder en rechtsboven
zijn de twee spoelen te zien die het magneetveld
maken.
alleen geïnteresseerd zijn in de 21Na
deeltjes, is de eerste stap na de productie
het uit elkaar halen van de verschillende
soorten deeltjes die ontstaan bij de bot-
singen. Dit gebeurt in de magnetische
scheider van de TRIμP onderzoeksfacili-
teit§.
De 21Na deeltjes hebben een dusda-
nig hoge snelheid, dat ze sterk afgeremd
moeten worden voordat we ze kunnen
invangen met het laserlicht in de atoom-
val. Ook zijn ze nog geladen (ionen), ter-
wijl de atoomval alleen neutrale deeltjes
kan invangen. Door de 21Na deeltjes, die
nog een zeer hoge snelheid hebben, door
een stapel van dunne wolfraam folies te
schieten worden ze tot stilstand gebracht
in één van de folies. De folies van wol-
fraam zijn erg dun, een duizendste van
een millimeter. Door de hoge tempera-
tuur van 2500 ◦C bewegen de deeltjes
relatief snel in de folies. Op een gegeven
moment komen ze aan het oppervlak te-
voorschijn.
‡De behandeling van de derde efﬁciëntie kan worden gevonden in het binnenkort te verschijnen
proefschrift van Duurt Johan van der Hoek [18].
§TRIμP staat voor Trapped Radioactive Isotopes: μlaboratories for Fundamental Physics.
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De deeltjes moeten nu nog naar de opstelling getransporteerd worden. Dit kan
vrijwel zonder verliezen gebeuren als ze als ionen worden getransporteerd met elec-
trische velden. Bij kamertemperatuur zijn de deeltjes allemaal neutraal geladen. De
hoge temperatuur zorgt ervoor dat een paar procent als een enkelvoudig geladen
ion het oppervlak verlaat, de rest is neutraal geladen. Latere botsingen met het hete
oppervlak geven de deeltjes opnieuw een kans om geïoniseerd te raken. Daarom heet
dit onderdeel ook de Thermische Ionisator (TI).
Een elektrisch veld transporteert de ionen bundel met een lage energie 10 meter
verderop naar het opstelling met de atoomval voor 21Na. Hier worden de geladen
deeltjes in een dun folie, gemaakt van zirconium, geschoten. Verhitting van dit neutra-
lisatie folie tot 800 ◦C zorgt ervoor dat ongeveer de helft van de geïmplanteerde 21Na
deeltjes als neutraal geladen atoom wordt verdampt.
De verdampte atomen zijn nu beschikbaar gemaakt in de vorm van een neutraal
gas, deze kunnen ingevangen worden in de eerste atoomval. De atoomval bestaat
uit een glazen cel in de vorm van een kubus. In elk van de drie assen van de kubus
schijnen er twee laserbundels in tegengestelde richting door de vlakken van de kubus
naar binnen. Door botsingen van de lichtdeeltjes (fotonen) in de laserbundels worden
de atomen afgeremd. Een plaatsafhankelijk magnetisch veld zorgt ervoor dat de
atomen zich verzamelen in één puntje in het midden. Het wolkje gevangen atomen is
duidelijk met het oog te zien als een lichtgevend puntje omdat ze laserlicht verstrooien,
zie ﬁguur 6.1.
De temperatuur van de gevangen deeltjes is ongeveer een milli Kelvin. Dit is een
duizendste van een graad Celsius boven het absolute nulpunt van de temperatuur-
schaal, -273.15 ◦C. De snelheid van de atomen is ongeveer 1 m/s. Ter vergelijking,
bij kamertemperatuur is de snelheid zo rond de 500 m/s. Er is dus een hele goede
isolator nodig om de gevangen atomen zo koud te houden. Dit wordt bereikt door de
hele glazen kubus op vacuüm te houden. De druk is ongeveer 1012 keer minder dan
de normale luchtdruk van 1 bar. Vanwege het vacuüm kunnen de moleculen in de
lucht geen warmtetransport meer verzorgen tussen de warme glaswand en de koude
atomen.
In dit hele proces van het invangen van atomen is het belangrijk dat zo veel
mogelijk atomen die van het neutralisatie folie afkomen, uiteindelijk in de atoomval
worden ingevangen. De meting van de totale efﬁciëntie waarmee dit plaatsvindt is de
eerste van de twee zwaartepunten van dit proefschrift.
De atoomval met laserlicht is 25 jaar geleden voor het eerst gedemonstreerd, maar
er is relatief weinig bekend over het efﬁciënt invangen van atomen. De reden hiervoor
is dat verreweg de meeste experimenten stabiele deeltjes invangen. De deeltjesstroom
van de bron is in deze gevallen praktisch onbegrensd en de efﬁciëntie is dus niet zo
belangrijk. In ons geval is dit vanwege de beperkte productiesnelheid van radioactieve
atomen fundamenteel anders.
De efﬁëntie van een atoomval is de fractie van de atomen die ingevangen wordt
vanuit een stroom inkomende atomen. Deze efﬁëntie is gerelateerd aan de maximale
snelheid van het atoom die de atoomval kan afremmen en dan gevangen kan houden.
Bij kamertemperatuur hebben verreweg de meeste atomen een snelheid die veel hoger
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ligt dan deze snelheid. Onder typische omstandigheden worden daarom maar 1 op de
100 000 atomen ingevangen in een atoomval.
Om de eigenschappen van de atoomval beter te kunnen bestuderen hebben we
twee theoretische modellen met elkaar gecombineerd: een model voor de invangst en
een model voor het verlies van atomen. Voor de invangst hebben we met behulp van
de computer Monte Carlo berekeningen uitgevoerd die het invangstproces simuleren.
In het model van het invangstproces komt een aantal statistische waarschijnlijkheids-
verdelingen voor. In een Monte Carlo berekening wordt het effect hiervan op de
uitkomst bestudeerd door een groot aantal scenario’s door te rekenen. De variabe-
len worden volgens deze waarschijnlijkheidsverdelingen gekozen. We vinden een
goede overeenkomst tussen de uitkomsten van de simulaties en metingen van een
onderzoeksgroep uit Vancouver, Canada.
Het andere gedeelte betreft het verlies van de atomen, nadat ze zijn ingevangen
in de atoomval: ze blijven niet voor altijd gevangen. De koude atomen botsen met
ongevangen atomen die kamertemperatuur hebben, dit kan ertoe leiden dat het
atoom uit de atoomval verloren gaat. Een eenvoudig model dat botsingen tussen het
achtergrond gas en de gevangen atoom beschrijft, laat een goede overeenkomst zien
met experimentele data afkomstig van een onderzoeksgroep uit Ferrara, Italië.
Natrium is één van de vijf stabiele alkalimetalen, dit is groep elementen die che-
misch op elkaar lijken: ze hebben een gesloten elektronenschil met één vrij elektron¶.
Met behulp van de twee modellen voor invangst en verlies hebben we een vergelijkend
overzicht kunnen maken van atoomvallen die verschillende alkalimetalen gebruiken.
We hebben aanwijzingen gevonden dat het natrium atoom lastiger in te vangen is dan
de andere alkalimetaal isotopen. De oorzaak hiervoor ligt waarschijnlijk in de details
van het natrium atoom, die uniek zijn vergeleken met de isotopen van de andere
alkalimetalen.
Om de invangstefﬁciëntie te verbeteren is de glazen cel aan de binnenkant bedekt
met een dun laagje, op was lijkende, stof. Hierdoor blijven de atomen bij een botsing
met de wand niet plakken maar stuiteren ze terug van het oppervlak. De vorm van
de cel bepaalt dan hoe vaak de atomen in totaal een kans hebben om ingevangen
te worden in de atoomval. Aan de hand van Monte Carlo simulaties hebben we een
nieuwe glazen cel, in de vorm van een kubus ontworpen. Dit ontwerp staat toe dat de
atomen ongeveer 500 keer stuiteren voordat ze deﬁnitief verloren gaan door één van
de twee toegangsbuizen (in- en uitgang van de deeltjes) aan de cel.
Met behulp van deze nieuwe cel en een nieuw, stabieler en krachtiger lasersysteem
hebben we voor de eerste keer in dit experiment radioactieve 21Na atomen weten
vangen in de atoomval. De invangstefﬁëntie laat echter zien dat de anti-plak laag
nog niet goed werkt. Door de kwaliteit van de anti-plak laag te verbeteren kan deze
efﬁciëntie met een factor 100 verbeterd worden.
Naast het efﬁciënt invangen van atomen, beschrijft dit proefschrift ook het transport
van atomen tussen twee atoomvallen: dit is het tweede zwaartepunt. Voor het 21Na
¶In het periodieke systeem kunnen de alkalimetalen gevonden worden in het meest linker kolom
(uitgezonderd waterstof, dit is geen alkalimetaal).
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experiment is een dergelijk transport noodzakelijk om de juiste omstandigheden te
creëren voor de precisiemeting. We hebben de stabiele variant van natrium atoom
weten te transporteren over een afstand van 69 cm‖. De gevangen atomen in de
eerste atoomval werden versneld door middel van een korte puls van laserlicht. Door
de lengte van de laserpuls juist te kiezen gaan de atomen zo snel dat ze nog net
ingevangen kunnen worden door de tweede atoomval.
Tijdens het transport dijt de initieel kleine atoomwolk uit tot ze groter is geworden
dan de diameter van de laserbundels van de tweede atoomval. Door snelheid van
de atomen te verhogen wordt dit effect verminderd, maar dan gaan de weer te snel
om weer ingevangen te worden. Om dit probleem te omzeilen hebben we een twee
dimensionale versie van een atoomval halverwege de transport sectie geïnstalleerd.
Deze optische trechter zorgt ervoor dat de atomen weer bij elkaar worden geduwd
en worden afgekoeld in de twee richtingen loodrecht op de transportlijn. Dit leverde
een verbetering met een factor twee op, vergeleken met de transportefﬁciëntie zonder
optische trechter.
De huidige transportefﬁciëntie ligt nog een factor 10 onder de gewenste waarde.
De redenen hiervoor kon gevonden worden in de implementatie van de tweede
atoomval, deze is verbeterd. Dat dit daadwerkelijk de beperkende factor is geweest
zullen nieuwe metingen nog aan moeten tonen.
Dit proefschrift bestudeert het efﬁciënt invangen en transporteren van Na atomen
om een precisie-experiment van het β -decay van 21Na mogelijk te maken. Er zijn een
aantal veranderingen aan de opstelling doorgevoerd om de beoogde 1% invangstefﬁci-
ëntie en 50% transportefﬁciëntie te halen. Metingen laten zien dat de beoogde doelen
nog niet zijn gehaald. Om de invangstefﬁciëntie te verhogen met een factor 100 moet
de kwaliteit van de anti-plak laag worden verbeterd, dit is ook haalbaar. Er is beter
inzicht verkregen in de onderliggende processen en mechanismen die voorkomen
bij het efﬁciënt invangen en het efﬁciënt transporteren van atomen met laserlicht.
Daarmee komt een precisiemeting aan het verval van 21Na, dat licht kan werpen op
het ontstaan van het heelal, weer twee stappen dichterbij.
‖De eigenschappen van het stabiele natrium 23 (23Na) atoom zijn identiek aan die van het radioactieve
21Na atoom, alleen de benodigde laserfrequentie voor de atoomval is verschillend.
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APPENDIX A
Calculation of the MOT lifetime
We consider the regime in which the lifetime of a MOT depends only on the cross




If the vapor of interest dominates the cross section, the number of atoms in equilibrium
is given by equation 2.14
N0 = τR . (A.2)
Because the loading rate R is proportional to n, N0 is independent of n. Here we
calculate 〈σv〉 following [144] and test the calculation against experimental data.
The cold alkaline atom is in one of the two S1/2 ground-states, or in an excited
P3/2 state. The vapor atoms are in the ground state. The interaction energy for the





where n is the order of the interaction and Cn is the corresponding dispersion coefﬁ-
cient [48, 297]. If two atoms collide in the S-state, the interaction is an attractive van
der Waals interaction and n = 6 [48]. For one atom in the S-state and the other in
the P-state, the interaction is of the dipole-dipole type and n= 3, see chapter 14 on
ultra-cold collisions of [48]. The total cross section for a MOT atom, with a probability
P of being in the excited state is therefore
σ = (1− P)σ6 + Pσ3 . (A.4)
When the velocity change of the cold atom due to a collision is smaller than the
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In simulations of a sodium MOT a relation vesc ∼ 0.7vc was found [159–161]. For Rb
a measurement using Photo Association to measure the trap depth revealed a relation
between the capture velocity and escape velocity of vc = 1.29(0.12)ve [155, 162],
which is within 1 σ of our assumption of

2.
For a collision with an impulse transfer of Δp = mvc with impact parameter b the
















The momentum change along the direction of the incoming particle cancels for a fast


















with vc the capture velocity of the MOT and v the velocity of the background atom.
As we are interested in deriving a value for equation A.1 we weight σv with the












1.06v2/3p if n= 6






the most probable speed. Separating the terms, which is useful to
compare to measurements of 〈σ〉, gives
〈σnv〉= 〈σn〉vp ×

1.05 if n= 6
0.973 if n= 3 . (A.11)
We are left with determining P, which appears in equation A.4, the fraction of the





1+ s0 + 4(δ/γ)2
, (A.12)
with δ the detuning and s0 the light intensity at the MOT position due to all six laser
beams in units of the saturation intensity.
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Figure A.1: The measured loss rate constant 〈σv〉Rb,Ar versus trap depth for trapped 87Rb atoms
with 40Ar at room temperature [154]. The solid curve is our calculation using the C6 value from
[154], the dashed line uses the more accurate number from [298].
The total collision cross-section leading to trap loss is
〈σv〉= vp(1.05〈σ6〉(1− P) + 0.973〈σ3〉P) . (A.13)
Following arguments of [153], we use a saturation intensity of 2.8s0 to calculate
the excited state fraction. In ﬁgure A.1 we compare our calculation for 〈σv〉 with the
experimental cross section of a Rb MOT cloud with Ar background gas measured by
Van Dongen et al. [154]. We show two curves as a more accurate C6 value can be
found in [298], which is 20% larger than used by Van Dongen et al.. The authors also
compare their experimental data (including data for mK trap depths) to a full quantum-
mechanical calculation. They ﬁnd excellent agreement with their calculations. That
the classical scattering approach is valid at the energy scales of a MOT follows from





For Ar-Rb collisions εd ≈ 10 mK (or an escape velocity of 1.4 m/s), which is indeed
well below typical MOT depths. Note that for a magnetic trap, the quantum mechanical
calculation is necessary.
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In conclusion, the MOT lifetime depends both on the gas density as well on the
trap depth of the MOT. The C6 values for the ground-state ground-state [300] and C3
[301] values for the ﬁrst excited ground S state and ﬁrst excited Pπ are well known
for all alkaline atoms. With the calculation of the MOT lifetime established, we deduce




To determine the particle density and number of bounces in the cell geometry we
performed Monte-Carlo simulations and compared these to experimental values. In
the Monte-Carlo simulation the particles follow straight trajectories and have no
interaction with each other. When a particle hits a cell wall it is re-emitted until it
escapes the cell geometry. This would be the case if the cell has a non-stick coating
applied to the walls.
If the particle density uniform throughout a volume, the ﬂux hitting its surface is






with 〈v〉 the average velocity of the particles and n the particle density. By time
inversion, when releasing the particles with a cosine angular distribution from the
surface, the particle density is uniform throughout an arbitrary geometry. Another
possibility we consider here is isotropic emission. Here the particle density cannot be
expected to be uniform.
We performed the simulations for two particle emission distribution functions,
the isotropic and cosine distribution. We ﬁx the velocity to 1. For the isotropic case
in half-space we use two random numbers uniform distributed, {rφ , rθ } ∈ (0,1] and
generate the velocity components according to
φ = 2πrφ











vz = rθ . (B.2)
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Figure B.1: Measured values (circles) from [233]: the ﬁlled symbols assume an isotropic distribu-
tion and the open symbols a cosine distribution. Also shown is our calculation using a Monte-Carlo
model (squares), also for both particle distribution.














In the experiment by Atutov et al. [233], the escape time was measured as function
of the length of a cylindrical port tube connected to a spherical glass cell. The cell
had a radius of 7 cm, the tube an inner diameter of 21 mm. Using this geometry
we calculated the number of bounces, for both emission distributions. The results
are shown in ﬁgure B.1. The experimental data depends on the assumed emission
distribution, as in the experiment a time scale is measured which needs an average
distance to come to a number of bounces.
In the same experiment the trap population (arbitrary units) as function of of the
port tube length was measured. For the port length of 16 cm the escape time was
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measured to be 0.37 s. To convert this time scale to the number of bounces the mean
distance between two bounces is needed.





where for the isotropic case
〈d〉sphere,isotropic = r . (B.5)
For a sphere the particle is on average closer to the surface and hence the density
there is higher than in the center of the sphere. For a cube with side r we ﬁnd that
numerically, for the cosine distribution the mean distance is
〈d〉cube,cosine = 0.66r , (B.6)
where for the isotropic case
〈d〉cube,isotropic = 0.56r . (B.7)
The number of bounces depends thus on the underlying particle emission distribu-
tions. Our Monte Carlo simulations shows this as well: for the cosine distribution the
distribution in length is linear from 0 to 2r. See ﬁgure B.4 and ﬁgure B.5 for the case
of cosine and isotropic emission, respectively. A linear dependence in the path length
distribution like in ﬁgure B.4 is also obtained when particles are released uniformly
distributed from a circle and intersect a sphere with the same radius (the angle of the
particles is perpendicular to circle, the the center of the sphere is at the normal of the
circle).
From ﬁgure B.1 we conclude that the agreement between the data and calculation
is best when in the Monte Carlo simulation the isotropic angular distribution is
chosen for the particle emission. The disagreement between the data and the values
from the simulation can be contributed to the simpliﬁed geometry in the Monte-
Carlo simulation and experimental errors. In the experiment for example the sticking
time might be larger than assumed, resulting in a steeper dependence. The cosine
distribution underestimates the number of bounces by about 30%. Zhang et al. [234]
also found for their setup that using an isotropic emission pattern in their Monte Carlo
simulations gives the best agreement with their experimental results.
For the trapping of atoms it is relevant to know how often particles pass through
the volume where the six laser beams are intersecting. We calculated for a spherical
glass cell with a radius of 7 cm and a laser volume radius of ≤ 7 cm the fraction of
path the atoms spend in the laser trap volume. The result is shown in ﬁgure B.2 for
the two cases we consider: a cosine and an isotropic emission distribution. The cosine
distribution follows the ratio of the two volumes (the dotted line), consistent with
an uniform density distribution of particles. The isotropic emission results in a lower
fraction meaning a reduced trapping efﬁciency. Besides that for the cosine distribution,
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Figure B.2: The calculated fraction of the path the particles spend inside a sphere with radius
r located inside a sphere with radius R = 7 cm for an isotropic (dots) and a cosine emission
distribution (squares). The dashed line is the fraction of the volumes, the dot-dash line is to guide
the eye.
relatively more time (path) is spent inside the trap volume, also the absolute value is
larger than for the isotropic particle distribution. This can be seen in ﬁgure B.3, which
shows the ratio of the absolute distances for both particle distributions.
Concerning the number of bounces reported by Atutov et al. in [233] we note
that in their deﬁnition of φchem the authors omit the factor 1/4 from equation B.1.
The average number of bounces the atoms make before they adsorb on the wall
or permanently exit through one of the tubes is then 5 · 103 instead of the 2 · 104
mentioned in the article.
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Figure B.3: The fraction of the path spent in the sphere inside a sphere using a cosine distribution
over the isotropic distribution.
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Figure B.4: The distribution of intersection lengths of the path inside the cube with edge 5.6 cm,
with a sphere of 45 mm diameter. The results are obtained with a Monte-Carlo simulation, a cosine
distribution is used for the particle angular emission pattern.
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Figure B.5: As in ﬁgure B.4, but with an isotropic distribution for the particle angular emission
pattern.
APPENDIX C
Efﬁciencies for a dipolar push-guide
To transfer atoms between two MOTs, a large detuned (typically a GHz) push beam
can be used, typically it is used continuously. The detuning and power are chosen
such that the laser beams accelerates the atoms but also offers a radially conﬁning,
conservative potential through the dipole interaction. During the transfer the radial
conﬁnement prevents the expansion of the atomic beam.
Two experiments reported a high transfer efﬁciency using this method. Wang et al.
[248] measured for Cs a transfer efﬁciency of 85% over a distance of 19.3 cm. Dimova
et al. [247] report for Cs a transfer efﬁciency of 70% over a distance of 57 cm and
for Rb a 50% efﬁciency over 72 cm. In this appendix we look into more detail how in
these experiments the transfer efﬁciency are calculated1.
Consider a MOT system where a push beam is continuously present and pushes
the atoms from MOT 1 to MOT 2. The number of trapped atoms Non1 in the ﬁrst MOT
system is given by
Non1 = (R− γp)τ1 , (C.1)
where R is the loading rate, τ1 the lifetime and γp is the loss rate due to the push
beam. Two-body collisions between the trapped atoms and a dependence of R on γp
are neglected. The number of trapped atoms in absence of the push beam is
Noff1 = Rτ1 . (C.2)




(Noff1 − Non1 ) . (C.3)
Consider a second MOT system to which the atoms are transferred with a transfer
efﬁciency εt. The number of trapped atoms in the second MOT system N2 in the
presence of a push beam is given by
Non2 = εtγpτ2 . (C.4)
1A modiﬁed version of this chapter can be found in [303].
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Two-body collisions and the loss rate due to the push beam are neglected. Let η be
the ratio of the maximum steady-state number of cold atoms recaptured in the second
MOT to the steady-state number of atoms trapped in the ﬁrst MOT in the absence of





When the push beam is continuously present the transfer efﬁciency is
εt =
Non2 τ1
(Noff1 − Non1 )τ2
. (C.6)
The overall efﬁciency, i.e. the fraction of the atoms which are loaded into the ﬁrst











Wang et al. [248] have performed measurements to optimize the transfer efﬁciency






We estimate τ, to calculate ε which is relevant for low yield experiments (as for
radioactive atoms). To determine εt also γp is needed. Wang et al. only give the
lifetime of the UHV MOT, τ2 = 20 s, and therefore we estimate a range for τ2/τ1,
which is the ratio of the lifetimes of the two MOT setups. The typical pressures for a
vapor-cell MOT chamber are 1× 10−8 mbar and 2× 10−10 mbar for the UHV MOT
chamber [248]. The parameters of both MOT systems are comparable. Therefore the
ratio τ2/τ1 is the pressure ratio, which is a factor 50.
This is however an upper bound for τ2/τ1. The composition of the background gas
in the two chambers probably differs. The pressure reading might also be different for
Cs compared to other gases, also the collision cross section can be different, leading
to different lifetimes for equal pressures [144]. Based on the pressure in the vapor-
cell chamber, a conservatively estimate for τ1 is 2 s [145], giving a lower bound on
τ2/τ1 ∼ 10.
The range for τ2/τ1 is thus 10− 50. The reported overall transfer efﬁciencies
reported by Wang et al. are then lower by a factor of this order. This leads to an overall
transfer efﬁciency in the range of 2−9%, signiﬁcantly lower than the reported transfer
efﬁciency of 85%. This is due to the long time the push beam needs to push the atoms
away, in that time most of the atoms have collided with a background atom and are
lost from the MOT.
A second experiment with Cs and Rb by Dimova et al. [247] calculates the transfer
efﬁciency correctly. Using information extracted from the published ﬁgures the overall
transfer efﬁciency can be estimated to be about 25% instead of 50%.
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